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A B S T R A C T

It is estimated that there are 400000 new cases of visceral leishmaniasis each year, with about 30,000 deaths.
Therefore, detection of this pathogen and its species is highly vital for overall health of the community. In the
present research, a DNA-based biosensor, namely genosensor, was introduced for detection of genomic DNA of
Leishmania infantum. The genosensor was fabricated based on the transduction of cadmium sulfide nanosheets
and recognition of a particular single stranded DNA sequence, and worked in label-, marker-, tag- and PCR-free
manners. Impedimetric measurements were performed in a wide range of frequency (recording Nyquist dia-
grams) without applying external force (working at open circuit potential) upon hybridization of DNA targets
with the cadmium sulfide nanosheets surface-immobilized probe. The genosensor detected the complementary
DNA strand in a concentration range of 1.0 × 10−14 to 1.0 × 10−6 mol L−1 and a detection limit (DL) of
0.81 fmol L−1 (6.5 fg mL−1), and genomic DNA of Leishmania infantum in a concentration range of 5–50 ng μL−1

and a DL of 1.2 ng μL−1. The genosensor had a very good selectivity, fabrication reproducibility and stability,
and was applicable for practical applications.

1. Introduction

DNA detection is one of focuses in biotechnology, genetic, virology,
agriculture, forensic pathology, and diagnosis [1]. Oligonucleotide
hybridization for DNA detection is one of the major principles of bio-
sensors function [1,2]. This type of biosensors is a strategic alternative
for development of new routes for nucleic acid analysis (including
mutant gene detection) with enormous applicability in disease diag-
nosis with the advantages of simple, sensitive, rapid and inexpensive
response generation mechanism(s), and can be miniaturized, making it
suitable for field testing [1–4]. DNA biosensors use various types of
transducers including metals, carbon and semiconductors [2–5], and
various types of probe immobilization routes including adsorption,
covalent binding, and entrapment [2–6].

Nanomaterials have exhibited substantial advantages in develop-
ment of biosensors [2–5,7–9]. It is because they demonstrate special
electrical, optical and catalytic activities. These activities originate from
the quantum size that can be changed with size and shape. Nanos-
tructures can be synthesized with various types of shapes and sizes by
electrochemical deposition [2,9,10], and have been applied to various
fields of nanomedicine, environment engineering, biological analysis

and biosensors [2,9–11]. Recently, there have been attentions about
synthesis of novel nanostructures for electrochemical DNA biosensing
[2–5]. Among the more profitable nanomaterials, semiconductor na-
nostructures appear as basic elements in biosensors. Different nanos-
tructures of semiconductors such as titanium oxide, cadmium sulfide,
cadmium selenide, cadmium telluride and zinc oxide have been used
for biosensors fabrication [11]. As one of the well known semi-
conductors, cadmium sulfide has the capability of binding to polymers,
proteins, ions and nanoparticles [12–15], and applications in multi-
plexed assays from immunoassays to DNA analysis [16].

Leishmaniasis as a widespread infectious disease is caused by the
Leishmania parasites, and transmitted by vectors of phlebotomine sand
fly species of the genera Lutzomyia in the New World and Phlebotomus
in the Old one [17]. Visceral leishmaniasis (VL) as one of the most
severe clinical manifestations of leishmaniasis, is caused by the species
of Leishmania infantum (L. infantum) parasite that can cause a high rate
of mortality. In VL, L. infantum parasite migrates to the visceral organs
of bone marrow, spleen and liver [18]. As the main host of L. infantum,
dogs are considered as the primary reservoirs for human Leishmania
infections [19]. Clinical presentation in this host is characterized by
renal alterations, prolonged fever, splenomegaly, hepatomegaly, ocular
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lesions, skin disease, and respiratory system and cardiovascular dis-
orders. It is estimated that there are > 400000 new cases of VL each
year with > 40000 deaths [20]. Hence, early and accurate diagnosis
and proper management of L. infantum infection is highly important. In
addition, accurate and simple tests are needed to identify treatment
failures [21]. Generally, leishmaniasis is confirmed by (i) amastigotes
presence by microscopic recognition; (ii) detection of the parasite
genomic DNA in tissue samples; (iii) enzyme-linked immunosorbent
assay (ELISA); (iv) indirect immunofluorescence assay test (IFAT); and
(v) detection of the parasite reproductive form in the spleen aspirates or
bone marrow [22,23]. Although these methods can be considered for
VL diagnosis and can bring reliable results, specific limitations have
been found for these methods [23]. Therefore, new methods of simple
biosensing of L. infantum are needed.

Several sensing methods for detection of Leishmania parasites have
been reported. An electrochemical biosensor for L. infantum detection
was presented [24]. It was based on the immobilization of a DNA probe
sequence on gold surface covered with a layer of a polyaniline matrix
with a terminal thiol group (PANIAuNp). The probe-parasite DNA
binding was followed by impedance spectroscopy and cyclic voltam-
metry. Also, polymerase chain reaction (PCR) was explored for L. in-
fantum detection [25–27]. Sensitivity of this technique for L. infantum
diagnosis in the canine blood was 0.1 fg of DNA [27]. An immunosensor
based on surface plasmon resonance (SPR) was developed using a thiol-
modified gold chip in which positive canine serum showed a significant
variation in SPR angle [28]. Western blot (WB), IFAT and ELISA, as
serological tests, were frequently used for diagnosis of clinical feline
leishmaniasis [29]. Median sensitivity of these methods was 0.97, 0.75
and 0.70, and median specificity was 0.99, 0.97 and 0.98 for WB, IFAT
and ELISA, respectively. IFAT was more sensitive and ELISA was better
for diagnosis of clinical leishmaniasis. In another study, a transducer
composed of thiolated carbon nanotubes (ThNTs) was fabricated for
detection of Leishmania spp in a femtomolar level. DNA by impedance
spectroscopy [30]. The sensor represented linear responses for parasite
DNA in a range of 0.1–98.3 fg μL−1.

In the present study, fabrication and evaluation of a genosensor for
quantitation of L. infantum genomic DNA were reported. Cadmium
sulfide nanosheets (CSN) were prepared in two steps of electrodeposi-
tion followed by chemical conversion, and employed as a transducer.
Detection was performed by impedimetry without using label, marker,
tag or PCR amplification. The genosensor was successfully applied for
clinical samples.

2. Material and methods

2.1. Chemicals

The employed chemicals were from Scharlau (Spain) or Sigma
(USA) with an analytical grade, and were applied as received.
Deionized water was employed for solutions preparation.

2.2. Oligonucleotide sequences

An oligonucleotide sequence (probe oligonucleotide, PO) was se-
lected by Primer3 and the search tool of NCBI BLAST nucleotide based
on the submitted GenBank sequence of AB678348.1 of L. infantum
genome (Iranian Standard strain MCAN/IR/97/LON490, isolate:
IranJWinf) [31]. PO was evaluated for shared oligonucleotide se-
quences and any homology of non-L. infantum species by BLAST of
NCBI. Also, the melting point of PO was checked to be in a narrow
temperature values by the Oligo software. Possibility of secondary
structures and self-dimer formation of the PO sequence was checked as
well by the mfold software [32]. PO had 26 bases and was thiolated
from 5’ end with six -CH2- spacers. A target oligonucleotide (TO) se-
quence complementary with PO was also selected. The PO and TO se-
quences are reported in Table 1.

Clinical samples assayed in this study were firstly confirmed by gel-
electrophoresis followed by PCR for diagnosis of the parasite species.
For PCR, the primers had sequences that were reported in Table 1. PCR
was done by a thermal cycler from Bio-Rad T100 (USA).

For evaluation of the selectivity of the genosensor, one- (1-mis TO),
two- (2-mis TO) and three-base mismatched oligonucleotides (3-mis
TO) were assayed by the genosensor with sequences reported in
Table 1. All the DNA sequences employed in this study were obtained
from Cinaclon Co. (Iran). All these oligonucleotides were dissolved in a
tris-HCl buffer solution (20 mmol L−1, pH 7.4, denoted as Tris), and
stored at -20 °C. Determination of DNA concentration of the samples
was performed by a NanoDrop™ Lite Spectrophotometer (USA).

2.3. Electrochemical measurements

Electrochemical experiments were performed using a μ-Autolab
potentiostat/galvanostat (the Netherlands) controlled by GPES and FRA
softwares. Electrochemical analyses were performed using a three-
electrode set-up composed of a platinum (Pt) rod counter electrode, a Pt
disk electrode-covered CSN, or the genosensor as the working electrode
(2 mm of diameter or 0.0314 cm2 of geometric surface area), and an
Ag/AgCl/3 mol L−1 KCl reference electrode. Electrochemical im-
pedance spectra were recorded in Tris at open circuit potential as dc-
offset in a frequency range of 50 kHz–100 mHz with an ac-amplitude of
10 mV. All the electrochemical measurements were performed at room
temperature.

2.4. Preparation of the Pt disk electrode-covered CSN and characterization

The Pt disk electrode was firstly polished to a mirror-finished with
alumina powder. The electrode was then washed with deionized water
and cleaned ultrasonically in a mixture of ethanol:water (3:1 V/V) to
remove alumina particles that might be attached on the surface.
Deposition of CSN was performed in two steps. Firstly, a clean Pt disk
electrode was immersed into a 0.1 mol L−1 Cd(NO3)2, and a constant
potential of -1.2 V was applied to deposit a layer of Cd(OH)2 on the
surface. Then, the prepared Cd(OH)2 thin film was dipped into a
0.1 mol L−1 aqueous solution of Na2S and left for 60 min. During this
time, Cd(OH)2 was derivatized to CSN. Morphological analysis of CSN
was performed using field emission scanning electron microscopy
(FESEM) by a TESCAN Mira 3-XMU (Czech Republic) equipped with
energy-dispersive X-ray (EDX) spectroscopy.

Table 1
The oligonucleotide sequences employed in this study.

Name Oligonucleotide sequence (5′ to 3′)

PO SH-(CH2)6-TTTTTTTTTTGTAATGTTACCCGATAGAAGTCTCGT
TO ACGAGACTTCTATCGGGTAACATTAC
Forward PCR

primer
CCACCCGGCCCTATTTTACA

Reverse PCR
primer

GGCTGAAGCCTGTTAGTGGT

1-mis TO TCGAGACTTCTATCGGGTAACATTAC
2-mis TO TGCAGACTTCTATCGGGTAACATTAC
3-mis TO TGCAGACTTCTATCGGGTAACATTAC
non TO AACCCACTAAAGCGTCACCCAACACT

PO: probe oligonucleotide.
TO: target oligonucleotide.
1-mis TO: a target oligonucleotide with one mismatched base, compared to TO.
2-mis TO: a target oligonucleotide with two mismatched bases, compared to
TO.
3-mis TO: a target oligonucleotide with three mismatched bases, compared to
TO.

R. Nazari-Vanani, et al. Talanta 217 (2020) 121080

2



2.5. Immobilization of PO and fabrication of the genosensor

PO was pretreated to break the preformed S-S bonds. 10 μL of a
solution containing 10 mmol L−1 sodium acetate, pH 5.2 and
500 mmol L−1 dithiothreitol (DTT) was added to a 10 μmol L−1 solu-
tion of PO, mixed and placed at ambient temperature for ~30 min.
Excess amount DTT was then extracted with ethyl acetate.

PO immobilization on the Pt electrode-covered CSN was performed
at an optimized time. For the optimization, open-circuit potential (OCP)
was continuously measured as the immobilization of PO progressed. For
this experiment, platinum screen-printed electrode from DropSens
(Spain) covered by CSN was employed. A 10 μmol L−1 solution of PO
was carefully dropped on the screen-printed electrode and kept re-
frigerated at 4 °C wherein OCP values were recorded by a Mastech
multimeter (China).

Immobilization of PO on the Pt electrode-covered CSN was carried
out by dropping 10 μL of the PO solution on the electrode surface and
keeping it at 4 °C for the optimized immobilization time. Then, the
electrode was washed with deionized water, and then 1.0 mmol L−1 6-
mercapto-1-hexanol was dropped on the electrode for 30 min. 6-mer-
capto-1-hexanol was also immobilized on the surface of Pt electrode-
covered CSN to block the remaining sites on the surface not covered by
PO, and induced formation of a monolayer of well-aligned PO. After
washing with deionized water, the genosensor was ready to use.

2.6. Evaluation of the genosensor

The genosensor was hybridized with different concentrations of TO
of 1.0 × 10−14 to 1.0 × 10−6 mol L−1 by incubation at 37 °C for a
fixed time of 40 min [33]. The genosensor was then washed with
deionized water and transferred into the electrochemical cell for im-
pedimetric measurements.

The reproducibility of genosensor fabrication was checked by
manufacturing the genosensor at different days. A previously fabricated
genosensor was cleaned with Piranha solution to remove the organics
from the surface followed by re-preparation of the Pt disk electrode-
covered CSN, immobilization of PO, and recording a Nyquist
diagram in Tris, as described in section 2.2. These steps were repeated
five times and impedance spectra for the repeating fabrication were
measured.

To check the genosensor regeneration ability, a Nyquist diagram
was firstly measured using a newly fabricated genosensor. It was then
hybridized with a 1.0 × 10−10 mol L−1 solution of TO and a Nyquist
diagram war recorded. After this, the genosensor was placed in deio-
nized water at 95 °C to release the hybridized TO, and a Nyquist dia-
gram was recorded. The genosensor was re-hybridized again with si-
milar TO concentration and a Nyquist diagram was measured. These
steps were repeated five times.

The selectivity of the genosensor was inspected upon hybridization
with four target oligonucleotides of mismatched base(s) (Table 1) at
similar concentration of 1.0 × 10−10 mol L−1, and Nyquist diagrams
were recorded for each sequence. In addition, genomic DNA from
Leishmania tropica (L. tropica) and Leishmania major (L. major) parasites
was extracted and analyzed with the genosensor.

To examine the stability of the genosensor, we hybridized it with TO
of 1.0 × 10−10 mol L−1, and Nyquist diagrams were then measured in
consecutive days. When it was not used, the genosensor was stored in
Tris at 4 °C. Before analysis of the clinical samples, standard assays were
done on the genome. The genomic samples of different concentrations
in a range of 5–50 ng μL−1 were placed at 95 °C for 5 min followed by
immediate cooling to break the DNA double strand. Then, the samples
were placed on the genosensor surface and the corresponding Nyquist
diagrams were measured. A calibration plot was afterward plotted to
judge the genosensor ability for genomic DNA detection.

2.7. Parasite culture

The cryopreserved L. infantum (MCAN/IR/96/LON49), Leishmania
tropica (MHOM/IR/02/Mash10) and Leishmania major (MRHO/IR/75/
ER) were prepared from Tehran University of Medical Sciences, and
cultured at 24 °C in RPMI 1640 medium containing 10% (V/V) heat-
inactivated fetal bovine serum (Gibco) and 1% pen-strep (Sigma). A
promastigotes parasite count of 1 × 107 mL−1 using a Neubauer
chamber was handled. The culture medium was removed by cen-
trifugation, around 107 phase promastigotes of the isolates were col-
lected, washed with 50 mmol L−1 phosphate buffer saline (0.7% NaCl),
pH = 7.0, and then re-dispersed in a buffer containing 0.5 mol L−1

EDTA, 5 mol L−1 NaCl, 1 mol L−1 Tris buffer, pH = 8.0 (the NET
buffer).

Lysis of the parasite cells was performed at 56 °C, using a mixture of
100 mg mL−1 proteinase K and 1% sodium dodecyl sulfate for 4 h. The
lyzed cells were treated by a DNA extraction kit according to the
manufacturer's instructions. Concentration of parasitic DNA in the
samples was measured, using a NanoDrop 2000c (Thermo Scientific,
USA).

2.8. Clinical samples analysis

Applicability and suitability of the genosensor for analysis of the
parasite in clinical samples were evaluated by analysis of one human
specimen and five buffy coat specimens acquired from dogs with cu-
taneous lesions. Infection of these samples with L. infantum was already
confirmed by gel-electrophoresis followed by PCR. Genome was ex-
tracted from these samples using a DNA extraction kit according to the
manufacturer's instructions. The extracted DNA was directly analyzed
by the genosensor without any pretreatment including amplification by
PCR.

3. Results and discussion

Surface morphology of CSN was firstly assessed by FESEM, and the
corresponding images are presented in Fig. 1A and B. Relative regular
dendrites of cadmium sulfide were formed on the surface. The dendrites
were sheets of different length of 0.4–2.1 μm with an average thickness
of 67.3 ± 19.0 nm (n = 50). These nanosheets make cadmium sulfide
more accessible for the next step of PO immobilization. Fig. 1C shows
an EDX spectrum of CSN representing peaks related to its elemental
composition accompanied by signals related to the underlying Pt disk
electrode. The spectrum confirmed the high chemical purity of CSN.

To follow the progression of PO immobilization on the CSN surface
and obtaining its optimized time, we measured the changes in OCP.
Fig. 2 shows changes in the OCP value upon immobilization of PO on
the CSN surface. Three clear different trends in the OCP changes are
observed. An initial positive shift in the OCP values (< 280 s) was
followed by a gradual and deep negative shift (> 280 s and < 3300 s)
and further positive shift at longer times (> 3300 s). At times longer
than 8000 s, positive changes in OCP values slowed down and reached a
relatively steady value. This behavior was highly reproducible. As a
rule, OCP value is principally determined by the electron exchange
between redox species in the solution and the electrode surface that pin
the electrode Fermi level. Further OCP changes indicate the entity of
charge accumulation at a surface. The initial positive shift of OCP is
related to the double layer formation and arrangement, and equilibra-
tion. Further negative OCP shift indicates attachment of thiol functional
group of PO into CSN surface, according to the following reaction:

CSN(Cd2+S2−) + SH−PO → CSN(Cd2+S2−)S-−PO + H+ (1)

The net negative charge of PO arising from the DNA sugar-phos-
phate backbone is an alternative of negative change in OCP during PO
attachment into CSN surface. At longer times (of > 3300 s), electron
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Fig. 1. FESEM images at two different magnifications (A, B) and an EDX spectrum (C) of CSN.

Fig. 2. Changes in OCP upon immobilization of PO on the CSN surface.
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transfer from CSN into hydronium ions via a partial oxidative reaction
of sulfide occurs:

CSN(Cd2+S2−)S-−PO + H+ → CSN(Cd2+S−−S−)−PO + ½ H2 (2)

and positive shift in OCP takes place. Based on the results, the optimum
immobilization time of PO on the CSN surface was selected as 3.9 h, and
this time was employed for preparation of the genosensor throughout
this study.

The genosensor was incubated for 40 min [33] with different con-
centrations of TO at 37 °C, so that the hybridization process between
the strands occurs. Fig. 3A represents Nyquist diagrams recorded after
and before hybridization of the genosensor with different TO con-
centrations. The impedance responses simply comprised one depressed
semicircle related to the charge transfer process across the Pt/CSN/
electrolyte interface. Upon hybridization, the total impedance of the
genosensor increased in a concentration dependent manner. The Ny-
quist diagrams were characterized with the equivalent circuit shown in
Fig. 3A, inset. In this circuit, Rct, CPEdl and Rs represent charge transfer
resistance, a constant phase element describing the double layer capa-
citance and the solution ohmic resistance, respectively. CPEdl char-
acterized the capacitive semicircle in the Nyquist plot to be depressed,
instead of a perfect capacitor, as reported elsewhere [9], arising from
the roughening of the genosensor surface (from CSN morphology). The

Fig. 3. Nyquist diagrams recorded before and after hybridization of the geno-
sensor with different concentrations of TO of 1.0 × 10−14, 1.0 × 10−13,
1.0 × 10−12, 1.0 × 10−11, 1.0 × 10−10, 1.0 × 10−9, 1.0 × 10−8, 1.0 × 10−7

and 1.0 × 10−6 mol L−1 (A), an equivalent electrical circuit compatible for the
Nyquist diagrams (A, inset), and dependency of the charge transfer resistance
values on the TO concentration (B).
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equivalent circuit was fitted on the Nyquist diagrams, and the de-
pendency of the charge transfer resistance values on the TO con-
centration is shown in Fig. 3B (the values of the circuit elements are
presented in Supplementary material S1). The impedimetric response of
the genosensor had a linear relation of inverse of charge transfer re-
sistance on the logarithm of TO concentration in a dynamic range of
1.0 × 10−14 to 1.0 × 10−6 mol L−1. A regression equation was ob-
tained as Rct

−1 [mS] = -(0.0371 ± 0.0006) log (C [/mol L−1]) -
(0.2171 ± 0.0060) [mS], R2 = 0.9983. For calculation of detection
limit (DL) of the genosensor to quantify TO, Nyquist diagrams were
firstly recorded, using the genosensor in the absence of TO to obtain the
standard deviation (SD0) of the (inverse) of charge transfer resistance of
the blank signal. Then, using the slope of the line in Fig. 3B and the
relation (Rct

−1 - 3 × SD0) as the LD signal (considering the genosensor
is a signal-off type), LD was attained to be 0.81 fmol L−1 (equal to
6.5 fg mL−1). This LD value is lower than the other reported impedi-
metric methods [24,30] and comparable with some others. Different
detection methods of L. infantum were compared in Table 2. The fab-
rication procedures and signal generation mechanism are also shown in
Scheme 1.

Reproducibility of the genosensor fabrication was investigated by
recording Nyquist diagrams using five fabricated genosensors, as shown
in Fig. 4 (the values of the circuit elements are presented in Supple-
mentary material S2). Changes in the charge transfer resistance values
had a relative standard deviation (RSD) of 6.2%, indicating a very good

reproducibility of genosensor fabrication.
Regeneration of the genosensor was checked by recording Nyquist

diagrams before and after five cycles of hybridization/dehybridization
of the genosensor with/from TO. Fig. 5 shows Nyquist diagrams re-
corded upon hybridization/dehybridization with/from TO (the values
of the circuit elements are presented in Supplementary material S3).
The genosensor represented RSD values for charge transfer resistances
of 4.6 and 3.8% for hybridization and dehybridization cycles, respec-
tively. These indicate a very good regeneration ability of the geno-
sensor.

Selectivity of the genosensor was evaluated upon hybridization with
four base-mismatched oligonucleotides of 1-mis TO, 2-mis TO, 3-mis
TO and non TO at the same concentrations, and the related Nyquist
diagrams are shown in Fig. 6 (the values of the circuit elements are
presented in Supplementary material S4). The values of charge transfer
resistance were changed in a manner of TO > 1-mis TO > 2-mis
TO > 3-mis TO > non TO≈genosensor. Quantitatively, if hybridization
of the genosensor with TO is assumed to be 100%, its hybridization was
estimated to be 75, 48, 20 and 0.6%, for 1-mis TO, 2-mis TO, 3-mis TO
and non TO, respectively. These findings indicated that the genosensor
can discriminate the mismatched sequences.

To check the stability of the genosensor, we recorded the Nyquist
diagrams in different consecutive days after hybridization with
1.0 × 10−10 mol L−1 of TO. Fig. 7 shows the changes in the values of
charge transfer resistance with time, indicating that the genosensor had

Scheme 1. The fabrication procedures and signal generation mechanism of the genosensor.

Fig. 4. Nyquist diagrams recorded using five fabricated genosensors (without
hybridization with TO) to check the reproducibility of the genosensor fabrica-
tion.

Fig. 5. Nyquist diagrams recorded using the genosensor upon five hybridiza-
tion/dehybridization cycles with/from 1.0 × 10−10 mol L−1 TO.
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a relatively constant charge transfer resistance for at least 20 days. This
time was then considered as the storage time of the genosensor.

The repeatability and reproducibility of the genosensor were de-
duced by independent determination of three concentrations of TO in
one or three days to evaluate the intra-day or inter-day assays, re-
spectively. The obtained results are demonstrated in Table 3. A
1.0 × 10−10 mol L−1 of TO was also determined by recording three
Nyquist diagrams by a single genosensor. A RSD value of 2.77% was
obtained for these determinations.

Impedimetric responses of the genosensor toward L. infantum
genomic DNA were measured. The genosensor was incubated for
40 min [33] with different concentrations of genomic (single stranded)
DNA at 37 °C, and the recorded Nyquist diagrams are displayed in
Fig. 8A. The signature of these Nyquist diagrams is quite similar to
those recorded for TO (Fig. 3A), comprising one depressed capacitive

semicircle. Similarly, hybridization of genomic DNA with the geno-
sensor increased the total impedance and charge transfer resistance,
and he Nyquist diagrams were characterized with the equivalent circuit
shown in Fig. 3A, inset. The equivalent circuit was fitted on the Nyquist
diagrams, and the dependency of the charge transfer resistance values
on concentration of genomic DNA is shown in Fig. 8B (the values of the
circuit elements are presented in Supplementary material S5). The
impedimetric signals depended on the logarithm of the concentration of
genomic DNA in a linear range of 5–50 ng μL−1 with a regression
equation of Rct

−1 [mS] = -(0.0521 ± 0.0009) log (C [/ng
μL−1]) + (0.0885 ± 0.0014) [mS], R2 = 0.9977. DL of the genosensor
to quantify the genome was also acquired to be 1.2 ng μL−1. In addi-
tion, genomic DNA from L. major and L. tropica were detected using the
genosensor for which the recorded Nyquist diagrams are presented in
Fig. 9 (the values of the circuit elements are presented in Supplemen-
tary material S6). The results pointed out that the genosensor did not
have noticeable responses to L. Major and L. tropica, indicating the good
selectivity of the genosensor toward L. infantum.

To verify the genosensor applicability for parasite detection in
clinical samples, genomic DNA was extracted from some human and
canine specimens and firstly assayed to confirm being infected with the
parasite by gel-electrophoresis followed by PCR. Then, the genomic
DNA was directly (without amplification by PCR) analyzes by the
genosensor. Quantitation limit (QL) of a sensing device is presented
as a concentration that generates a signal of 10 × SD0 [34].

Fig. 6. Nyquist diagrams recorded before and after hybridization of the geno-
sensor with 1-mis TO, 2-mis TO, 3-mis TO and non TO of 1.0 × 10−10 mol L−1.

Fig. 7. Changes in the values of charge transfer resistance with storage time of
the genosensor.

Table 3
Precision (n = 3) for assay three concentrations of TO by the genosensor.

TO/mol L−1 RSD% (intra-day assay) RSD% (inter-day assay)

1.0 × 10−8 2.96 3.18
1.0 × 10−10 1.17 4.65
1.0 × 10−13 3.33 3.85

Fig. 8. Nyquist diagrams recorded before and after hybridization of the geno-
sensor with different concentrations of genomic DNA of 5, 15, 20, 25, 30, 35,
40, 45 and 50 ng μL−1 (A), and dependency of the charge transfer resistance
values on the genomic DNA concentration (B).
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Correspondingly, any impedimetric signal greater than 10 × SD0 was
considered being positive. The results obtained for the clinical samples
assay are presented in Supplementary material S7, indicating that the
genosensor results were in agreement with those already obtained by
gel-electrophoresis followed by PCR. These results, therefore, con-
firmed the genosensor applicability to analyze clinical samples.

4. Conclusion

A specific oligonucleotide sequence was designed from gene se-
quence of L. infantum followed by immobilization on the CSN surface
through self-assembling to fabricate the genosensor. PO self-assembling
on the CSN surface followed a multiple process with different time
scales. Various oligonucleotide sequences as well as the parasite
genomic DNA were hybridized with the immobilized sequence, and the
quantity of hybridization process was followed by impedimetric mea-
surements without any redox marker, tag or label. The designed gen-
osensor showed high calibration sensitivities and low values of DL for
both synthetic TO and genomic DNA, and can discriminate base-mis-
matched sequences with a high selectivity. The genosensor was applied
for diagnosis of clinical samples, and the results revealed successful
suitability for the parasite detection in practical samples.
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