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Detection of leishmaniasis is important in clinical diagnoses. In the present study, identification of
Leishmania parasites was performed by a label-free, PCR-free and signal-on ultrasensitive electro-
chemical DNA biosensor. Gold nanoleaves were firstly electrodeposited by an electrodeposition method
using spermidine as a shape directing agent. The biosensor was fabricated by immobilization of a
Leishmania major specific DNA probe onto gold nanoleaves, and methylene blue was employed as a
marker. Hybridization of the complementary single stranded DNA sequence with the biosensor under the
selected conditions was then investigated. The biosensor could detect a synthetic DNA target in a range
of 1.0�10�10 to 1.0�10�19 mol L�1 with a limit of detection of 1.8�10�20 mol L�1, and genomic DNA
in a range of 0.5–20 ng μL�1 with a limit of detection of 0.07 ng μL�1. The biosensor could distinguish
Leishmania major from a non-complementary-sequence oligonucleotide and the tropica species with a
high selectivity. The biosensor was applicable to detect Leishmania major in patient samples.

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

Leishmania major is a species of protozoa found in the genus
leishmania, and is associated with the disease zoonotic cutaneous
leishmaniasis [1]. It is an intracellular pathogen which infects the
macrophages and dendritic cells of the immune system [2]. The
main form of transmission is through the sand fly vector (Phle-
botomus species). However, transmission does not often occur in
utero during blood transfusions or through interpersonal contact
[3]. The incidence rate of cutaneous leishmaniasis is estimated to
be between 1 and 1.5 million cases in a year. The disease is en-
demic in 88 countries of 5 continents with a total of 350 million
people at risk [4]. Leishmania major is recognized as causing the
majority of cases of cutaneous leishmaniasis across the Middle
East, Northern Africa, and some areas of China and India.

Laboratory diagnosis of leishmaniasis can be made by the fol-
lowing manners: i) demonstration of the parasite in tissues of
relevance by light microscopic examination of the stained
c.ir (H. Heli).
specimen, in vitro culture, or animal inoculation; ii) detection of
parasite DNA in tissue samples; or iii) immune diagnosis by de-
tection of parasite antigen in the tissue, blood, or urine samples by
detection of non-specific or specific antileishmanial antibodies
(immunoglobulin), or by assay for leishmania-specific cell-medi-
ated immunity [5]. The sensitivity of the tissue examination, ex-
cept in the case of splenic aspirate, is low. Moreover, the procedure
for obtaining the tissue specimen is traumatic and associated with
considerable risk. Identification of amastigotes requires consider-
able expertize and training, and is subject to the ability of the
observer [6]. Besides, parasite culture is expensive and time con-
suming, and requires expertize and costly equipments, severely
restricting its use in routine clinical practice. The most common
ways of diagnosing leishmaniasis is to identify amastigotes in a
Wright-Giemsa-stained touch preparation or through isolation of
the parasites in culture [7]. Due to the limitations inherent in
techniques used for detection of parasites, new approaches to the
detection of parasites, such as DNA hybridization, have been at-
tempted since the early 1980s. Although these methods had a
considerable sensitivity and several attempts have been made in
this regard, it is still important to develop effective methods for
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the detection of Leishmania major [8].
Sensors and biosensors based on nanomaterials have been at-

tracting increased attention due to their advantages such as low
cost, simple design, small dimensions, and low power require-
ments [9–16]. Researches in this field would be beneficial to re-
cognize the biotic origin, inheritance, growth, and evolution and
create new methods for diagnosis, treatment, and prevention of
human diseases [17,18]. Electrochemical DNA biosensors are able
to offer simple, rapid, accurate and low-cost methods for testing of
selected DNA sequences, and this has been the topic of consider-
able interest to many researchers [9,19–21].

In the present study, gold nanoleaves were electrodeposited in
the presence of spermidine as shape directing agent. The nano-
leaves were then employed to immobilize a specific single-stran-
ded DNA (ssDNA) probe for Leishmania major, and fabrication of a
signal-on electrochemical DNA biosensor without using PCR and
any label. The biosensor can detect Leishmania major in patient
samples.
2. Experimental section

2.1. Materials

All chemicals were of analytical grade from Scharlau (Spain) or
Sigma (USA) and were used without further purification. All so-
lutions were prepared by redistilled water. A probe oligonucleo-
tide (p-DNA) was designed based on the genomic sequence of
Leishmania major. p-DNA, a complementary-sequence oligonu-
cleotide (target oligonucleotide, t-DNA) and a non-com-
plementary-sequence oligonucleotide (non-target oligonucleotide,
n-DNA) were purchased from Takapouzist Co. (Iran). The oligo-
nucleotide sequences are as follows:

p-DNA sequence:
5′-SH-(CH2)6-TTTTTTTTTT-AACCCACTAAAGCGTCACCCAACA-3′.
t-DNA sequence:
5′-TGTTGGGTGACGCTTTAGTGGGTT-3′.
n-DNA sequence:
5′-AAACCAAAATGATCACCCCCATGC-3′.
The oligonucleotide stock solutions were prepared with

20 mmol L�1 Tris-HCl buffer, pH 7.4 solution (Tris) and kept
frozen.

2.2. Electrodeposition of gold nanoleaves

Gold nanoleaves were electrodeposited on a polycrystalline
gold disk (Au, 2 mm of diameter) electrode. The Au electrode was
hand polished on a polishing microcloth by 50 nm-sized alumina
powder lubricated by water to attain a mirror-like surface. The
electrode was further electropolished by immersion in a
0.5 mol L�1 H2SO4 solution and applying the potential in the range
of cathodic to anodic edges of the electrolyte stability in a regime
of cyclic voltammetry for 20 consecutive cycles. Upon this pre-
treatment, a clean and stable gold surface was attained. The
electrode was then transferred to a solution of 20 mmol L�1

HAuCl4þ0.5 mol L�1 H2SO4þ150 mmol L�1 spermidine. Electro-
deposition was performed at 0.0 V (vs. Ag/AgCl, 3 mol L�1 KCl) for
duration of 300 s to obtain gold nanoleaves coated Au (GNL/Au)
electrode. GNL/Au electrode was then rinsed thoroughly with re-
distilled water and dried at ambient temperature.

2.3. Physicochemical characterizations

Field emission scanning electron microscopy (FESEM) was
performed using a Zeiss, Sigma-IGMA/VP (Germany) equipped
with energy dispersive X-ray spectroscopy (EDS) capability.
2.4. Electrochemical measurements

Electrochemical measurements were performed in a conven-
tional three-electrode cell powered by a μ-Autolab potentiostat/
galvanostat run by a computer through GPES 4.9 software. An Ag/
AgCl, 3 mol L�1 KCl, and a platinum rod were used as the reference
and counter electrodes, respectively.

The real surface area of the GNL/Au electrode was measured
electrochemically. The electrode was transferred to a solution of
0.5 mol L�1 KCl þ0.5 mmol L�1 K4[Fe(CN)6] and cyclic voltam-
mograms at different potential sweep rates were measured. Using
the Randles-Sevcik equation [22] and the value of
7.60�10�6 cm s�1 for the diffusion coefficient of [Fe(CN)6]4� [23],
the real surface area of the GNL/Au electrode was obtained.

Electrochemical detection of the DNA hybridization was per-
formed in a 10 mL solution of Tris by differential pulse voltam-
metry for the reduction peak of bond methylene blue (MB). For
differential pulse voltammetry, a pulse width of 25 mV, a pulse
time of 50 ms, and a scan rate of 10 mV s�1 were employed. The
concentrations of t-DNA solutions were quantified as the MB re-
duction peak currents.

2.5. Immobilization of p-DNA

Immobilization of p-DNA was performed by dropping 10 μL of
10 μmol L�1 p-DNA solution on the Au or GNL/Au electrode sur-
faces and remained intact at 4 °C for 8 h [24]. The electrodes were
then rinsed thoroughly with Tris to remove unabsorbed p-DNA.
Then, the electrodes were further treated with 10 μL 1.0 mmol L�1

6-mercapto-1-hexanol for 30 min. The resultant electrodes were
denoted as p-DNA-Au and the biosensor (p-DNA-GNL/Au).

2.6. Hybridization with t-DNA

The hybridization process was performed by dropping 10 μL of
Tris containing various concentrations of t-DNA on the p-DNA-Au
or p-DNA-GNL/Au electrode surfaces for 60 min at 37 °C [24].
During this procedure, a small vial was tightly fit on the electrodes'
body to prevent quick evaporation of the droplet. Then, the elec-
trodes were rinsed with Tris to remove the un-hybridized t-DNA,
and then it was incubated in a solution containing Tris
þ20 μmol L�1 MB for 5 min at room temperature [24]. Finally, the
electrodes were rinsed with Tris to remove the physically ad-
sorbed MB.

2.7. Parasite culture and genomic DNA extraction

The cryopreserved Leishmania major (MRHO/IR/75/ER) and
Leishmania tropica (MHOM/IR/02/Mash10) were received from
Tehran University of Medical Sciences, Tehran, Iran, reactivated,
and cultivated in RPMI 1640 medium supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (Gibco) and 1% pen-strep
(Sigma) at 24 °C. The promastigotes were counted daily in a
Neubauer chamber until the concentration of 1�107 mL�1 para-
sites. Approximately, 107 phase promastigotes of isolates were
harvested from the culture by centrifugation. The pellets were
washed 3–4 times with chilled 50 mmol L�1 phosphate buffer
saline (pH 7.0% and 0.7% NaCl) and suspended in 750 mL of NET
buffer (5 mol L�1 NaCl, 0.5 mol L�1 EDTA, 1 mol L�1 Tris buffer, pH
8.0). The cells were lysed with Proteinase K (100 mg mL�1) and 1%
sodium dodecyl sulfate for 3–4 h at 56 °C. Total DNA was extracted
by the YTA Genomic DNA extraction mini kit (Yekta Tajhiz Azma,
Iran) following the manufacturer's instructions, and DNA was
eluted in 100–150 μL of elution buffer. The parasitic DNA con-
centration was determined by a Thermo Scientific NanoDrop
2000c (USA), and was then diluted.
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2.8. Genomic DNA extraction from human samples and PCR

Ten human biopsy specimens with cutaneous leishmaniasis
were collected after sterilization of the lesion area on the slides,
stained by Giemsa and microscopically characterized. Parasite DNA
was extracted from 100 to 200 μL of the infected blood samples by
the YTA Genomic DNA extraction Mini kit (Yekta Tajhiz Azma, Iran)
following the manufacturer's instructions, and DNA was eluted in
100–150 μL of the elution buffer.

PCR followed by gel electrophoreses were performed to iden-
tify Leishmania major and Leishmania tropica in the human sam-
ples with cutaneous leishmaniasis. PCR primers were based on the
non-protein coding region (AB678349.1) of Leishmania major
minicircle kDNA (Iranian Standard strain MCAN/IR/97/LON490,
isolate: IranJWmaj) [25], and purchased from Sinaclon, Iran. The
Fig. 1. FESEM images (A-D) and ED
YTA kit for tissue was employed.
3. Results and discussion

Fig. 1A-D shows FESEM images of the electrodeposited gold
samples with different magnifications. At low magnifications, the
gold sample resembles the tree leaves including midribs, veins,
and laminas. At high magnification, the sample includes many
adhered nanoparticles of 50–100 nm dimensions. EDS of the
sample is presented in Fig. 1E confirms the purity of the gold na-
noleaves. The special gold nanostructure synthesized here pro-
vides a suitable substrate to immobilize p-DNA, and can even
promote the hybridization efficiency [26]. The real surface area of
the gold nanoleaves was obtained as 0.67 cm�2, while the
S (E) of the gold nanoleaves.



Fig. 2. DPVs of MB interacting with the p-DNA-Au electrode after hybridization
with different concentrations of t-DNA of 1.0�10�17, 1.0�10�16, 1.0�10�15,
1.0�10�14, 1.0�10�13, 1.0�10�12, and 1.0�10�11 mol L�1. The red curve is for
the absence of t-DNA. Inset: the corresponding calibration curve. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 3. DPVs of MB while interacted with the biosensor before and after hy-
bridization with different concentrations of t-DNA of 1.0�10�19, 1.0�10�18,
1.0�10�17, 1.0�10�16, 1.0�10�15, 1.0�10�14, 1.0�10�13, 1.0�10�12, 1.0�10�11,
and 1.0�10�10 mol L�1. The red curve is for the absence of t-DNA. Inset: the
corresponding calibration curve. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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geometric surface area was 0.0314 cm�2, indicating a roughness
factor of 21.4. This indicates that GNL/Au electrode provides a large
real surface area to immobilize a high surface concentration of
p-DNA. During the electrodeposition of gold nanoleaves, gold
atoms or clusters are initially and rapidly formed. Then, promoted
nucleation of gold by the surface of Au electrode is followed [27].
On the other hand, spermidine, as a shape-directing agent and also
as a poly-amine, is adsorbed on the (1 1 1) plane surface of the
nuclei through a donation/back-donation mechanism of charge
[28]. The spermidine adsorption process can lead to formation of
an amine layer which bears positive charge (due to the acidic
entity of the solution), and it causes further electrostatic adsorp-
tion of AuCl4� ions and preferential growth of gold along the (1 1
1) directions by the diffusion-limited aggregation mechanism [29].

Fig. 2 shows differential pulse voltammograms (DPVs) of MB
interacting with the p-DNA-Au electrode after hybridization with
different concentrations of t-DNA. After hybridization, the peak
current increased. This indicates the interaction of MB with both
p-DNA and the resultant double stranded DNA (dsDNA), with
higher affinity to dsDNA. MB binds to both ssDNA and dsDNA
through electrostatic interactions and intercalation [30]. Inter-
calation is the dominated mode of binding here, due to the low
ionic strength of the MB solution. This behavior was also observed
elsewhere [31–33]. The dependency of the peak current on the
t-DNA concentration is shown in the inset of Fig. 2. The plot is
linear with a regression equation of y¼�(0.027770.0008)x�
(1.052670.0120) in the range of 1.0�10�11 to
1.0�10�17 mol L�1 of t-DNA with a limit of detection (LOD, as
3 SD/m [34], SD is the standard deviation of blank signal, and m is
the slope of the calibration curve) of 3.29�10�18 mol L�1.

Fig. 3 shows DPVs of MB while interacting with the biosensor
before and after hybridization with different concentrations of
t-DNA recorded in Tris. The peak current of MB using the biosensor
without hybridization with t-DNA was the lowest, and increased
upon hybridization. The dependency of the peak current on the
t-DNA concentration is shown in the inset of Fig. 3. The plot is
linear with a regression equation of y¼�(0.193170.0027)x�
(11.52470.0393) in the concentration range of 1.0�10�10 to
1.0�10�19 mol L�1 of t-DNA with a LOD of 1.8�10�20 mol L�1.
The LOD obtained here is better than those reported previously
[32,33]. The GNL/Au electrode surface provided a high surface area
and, therefore, a high surface concentration of p-DNA and a dense
probe layer was attained. Simultaneously, GNL/Au electrode sur-
face may increase the deflection angle between p-DNA strands,
alter their interactions, and cause appropriate orientations [35,36].
Therefore, the p-DNA layer was more accessible for t-DNA [37] to
hybridize with an enhanced kinetics. On the other hand, the dif-
fusion regime of MB during binding to p-DNA and dsDNA could
also be change from linear to radial diffusion [38]. Scheme 1 re-
presents the fabrication protocol of the biosensor and detection of
t-DNA.

To detect the genomic DNA, the DNA genome was extracted
from Leishmania major and the DNA concentrations in the ex-
tracted samples were determined. Then, solutions of the genome
with different concentrations were prepared. The samples were
placed in hot water of 90 °C for 10 min to de-hybridize the strands.
After that, DPVs of MB while interacting with the biosensor, before
and after hybridization with different concentrations of genomic
target, were recorded. Fig. 4 shows these DPVs, and the corre-
sponding calibration curve is presented in the inset. Based on
these results, the genome of Leishmania major can be determined
in a linear concentration range of 0.5–20 ng μL�1 with a LOD of
0.07 ng μL�1. The LOD obtained here is lower than that reported
previously [32].

In order to inspect the selectivity of the biosensor, a n-DNA
sequence of 1.0�10�14 mol L�1 and the genome of Leishmania
tropica were evaluated as negative controls. DNA genome of
Leishmania tropica was extracted and de-hybridized in hot water
and the genome concentration of 25 ng μL�1 was analyzed by the
biosensor. The results of the selectivity of the biosensor are pre-
sented in Fig. 5. The results indicated that for both the samples, the
peak currents in DPVs changed slightly, compared to the bio-
sensor. This indicates the selectivity of the biosensor which can
discriminate Leishmania major from Leishmania tropica.

As to the investigation of the fabrication reproducibility of the
biosensor, it was placed in the Piranha solution for 30 s and then
re-fabricated (n¼5). DPVs of the biosensor for the repeating fab-
rications are shown in Fig. 6. Based on these results, there was a
slight change in the peak currents, and a relative standard devia-
tion (RSD) of 6.1% was obtained for the reproducibility of the
biosensor fabrication.

In order to evaluate the regeneration behavior of the biosensor,
after its hybridization with 1.0�10�17 mol L�1 t-DNA, it was im-
mersed in hot water of 90 °C for 5 min to de-hybridize the formed
dsDNA. Then, the biosensor was re-hybridized with the same
t-DNA concentration (n¼5). Fig. 7 shows the obtained DPVs in-
dicating a RSD of 7.8% for the regeneration of the biosensor.

To inspect the stability of the biosensor, DPVs for
1.0�10�14 mol L�1 t-DNA over 16 days were recorded, while the
biosensor was stored in Tris in the refrigerator at 4 °C and mea-
sured in a day in the same conditions. The data is presented in
Fig. 8. The peak current showed a decrement after the first day,



Scheme 1. Fabrication protocol of the biosensor and detection of t-DNA.

Fig. 4. DPVs of MB while interacted with the biosensor before and after hy-
bridization with different concentrations of DNA genome of 0.5, 3, 5, 8, 10, 12, 15, 18,
and 20 ng μL�1. The red curve is for the absence of DNA genome. Inset: the cor-
responding calibration curve. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 5. DPVs of MB while interacted with the biosensor before (p-DNA), and after
hybridization with the target oligonucleotide of 1.0�10�14 mol L�1 (t-DNA), a
non-complementary sequence of 1.0�10�14 mol L�1 (n-DNA) and DNA genome of
Leishmania tropica of 25 ng μL�1 (tropica).
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Fig. 6. DPVs of MB while interacted with the biosensor recorded after the repeating
fabrications.
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Fig. 7. DPVs of MB while interacted with the biosensor before (red curves) and
after re-hybridization (n¼5, blue curves) with 1.0�10�17 mol L�1 t-DNA. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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and it remained almost constant for about 13 days.
In order to apply the biosensor for diagnosis of cutaneous

leishmaniasis in patients, human biopsy specimens with leish-
maniasis were collected. The genomes were then extracted, and
the presence of the Leishmania major was confirmed by PCR and
gel electrophoresis. The concentration of DNA in the samples were
then determined and a similar concentration of 5 ng μL�1 was
prepared for all the samples. They were then de-hybridized and
analyzed using the biosensor (Supplementary material S1). In-
crement in the peak currents in DPVs was recorded for theses
samples, and on the other hand, the value of the limit of quanti-
tation of the biosensor (LOQ, 10 SD/m [34], n¼10) was measured.
It was found that the increments in the peak currents for the
samples containing Leishmania major were meaningfully higher
than LOQ of the biosensor. Therefore, this label-free, PCR-free and
signal-on biosensor had a capability of Leishmania major detection
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Fig. 8. Variation in the DPV peak currents of MB while interacted with the bio-
sensor after hybridization with 1.0�10�14 mol L�1 t-DNA over 16 days.
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in the samples from patients.
4. Conclusion

A simple green electrodeposition method was developed for
the synthesis of gold nanoleaves at a surface using the biogenic
polyamine spermidine. The proposed method is expandable for
the synthesis of other nanostructures of gold with different shapes
and sizes, or to the synthesis of other noble metal nanostructures.

– The nanoleaves provided a unique surface for the immobiliza-
tion of a Leishmania-specific sequence with a high surface con-
centration to fabricate a DNA biosensor.

– The biosensor was applied for the detection of complementary
sequence and extracted genome with a high sensitivity.

– The biosensor is label-free, PCR-free and signal-on and was ap-
plied to detect cutaneous leishmaniasis.
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