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ABSTRACT

Identification of Leishmania parasites is important in diagnosis and clinical studies of leishma-
niasis. Although epidemiological and clinical methods are available, they are not sufficient for identifi-
cation of causative agents of leishmaniasis. In the present study, quantum dots of magnetic cobalt-zinc
ferrite (CogsZng sFe;04) were synthesized and characterized by physicochemical methods. The quantum
dots were then employed as an electrode modifier to immobilize a 24-mer specific single stranded DNA
probe, and fabrication of a label-free, PCR-free and signal-on electrochemical genosensor for the de-
tection of Leishmania major. Hybridization of the complementary single stranded DNA sequence with the
probe under the selected conditions was explored using methylene blue as a redox marker, utilizing the
electrocatalytic effect of the quantum dots on the methylene blue electroreduction process. The geno-
sensor could detect a synthetic single stranded DNA target in a range of 1.0x10~ ' to
1.0 x 10~ ® mol L~ with a limit of detection of 2.0 x 10~ mol L', and genomic DNA in a range of
7.31x 107" to 7.31 x 10~ ® ng pL~" with a limit of detection of 1.80 x 10~ ng uL~" with a high se-

lectivity and sensitivity.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Rapid, sensitive and simple determination methods of special
gene sequence in very small sample volumes have attracted in-
creasing attention in the diagnosis of genetic and infectious dis-
eases, and detection of pathogenic microorganisms. Conventional
DNA detection methods, i.e. PCR, gel electrophoresis and Southern
blotting are labor intensive and time consuming [1-3]. Therefore,
many techniques such as surface-enhanced Raman scattering [4],
surface Plasmon resonance spectroscopy [5], fluorescence spec-
troscopy [6], UV-vis spectroscopy [7] and electrochemistry [8-11]
have been developed for DNA detection. Among them, the elec-
trochemical methods have recently received a good deal of at-
tention due to the inherent specificity and sensitivity, their ease of
use, low cost, fast response, and miniaturized and automated de-
vices [8,9,12].

For many years, the appropriate modification of the conductive
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surfaces to immobilize biomacromolecules (such as DNA) has been
one of the important approaches in biotechnology, bioanalysis,
nanomedicine, and fabrication of biosensors [13-18]; it is also
useful in understanding the action mechanism of drugs and origin
of some diseases [19-21]. In a DNA biosensor, the immobilization
of a DNA probe on the surface of an electrode is a key step and up
to now, various kinds of nanostructured materials have been de-
vised for the single-stranded DNA (ssDNA) immobilization
[8,9,22,23]. This is due to their physicochemical properties to be
highly tunable depending on their size and shape, unique surface
chemistry, thermal stability, high surface area as well as good
biocompatibility enabled by their nanometer sizes [12,24-28]. In
this regard, magnetic nanostructures due to modulation in the
chemical composition, size and magnetic susceptibility and good
dispersibility are important for use in a variety of biosensing sys-
tems [29,30].

Cutaneous leishmaniasis is a group of protozoan infections
caused by obligate intracellular protozoan parasites. These skin
diseases occur in particular endemic regions in at least 88 coun-
tries of the world [31,32]. Annual incident of cutaneous leishma-
niasis is estimated to be 1-1.5 million cases.
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Various laboratory methods are used to identify leishmaniasis,
detect the parasite, and identify the Leishmania species [33-35].
Although epidemiological and clinical findings are necessary, they
are not sufficient for identification of causative agents of cuta-
neous leishmaniasis. Diagnostic tests include light-microscopic
examination of stained slides, in vitro culture from biopsy or
lymph aspirate, Montenegro skin test, serological tests (including
indirect fluorescent antibody test, enzyme-linked immunosorbent
assay (ELISA) and isoenzyme analysis), and molecular tests (such
as PCR). These methods are not sensitive enough or are indirect,
require culture of the parasites or passage through an experi-
mental animal which is time-consuming and sometimes un-
successful. The antibody-based tests cannot detect early infections
and distinguish between past and present infections, and cross-
react with antibodies against other pathogens [36,37].

In the present study, quantum dots of magnetic cobalt-zinc
ferrite (Cog sZng sFe;04) were synthesized and employed to modify
a carbon paste electrode. A 24-mer specific sequence was im-
mobilized to fabricate a label-free Leishmania major genosensor.
The ability of the genosensor to detect Leishmania major in patient
samples was investigated.

2. Experimental section

All chemicals were of analytical grade from Scharlau (Spain) or
Sigma (USA) and were used without further purification. All so-
prepared by

lutions were redistilled water. A probe

(A)

oligonucleotide (p-ssDNA) was designed based on the genomic
sequence of Leishmania major. (p-ssDNA) was designed using NCBI
BLAST nucleotide search tool and Primer3 based on a submitted
sequence in GenBank (AB678349.1) of Leishmania major minicircle
KDNA (Iranian Standard strain MCAN/IR/97/LON490, isolate: Iran
JWmaj) [38]. The (p-ssDNA) sequence was evaluated for any pos-
sible homology and share sequences with any non-Leishmania
major species using the BLAST of NCBI. In addition, the melting
temperature of (p-ssDNA) was placed within a narrow range using
Oligo analysis software. Finally, the (p-ssDNA) sequence was
checked for the formation of potential self-dimer and secondary
structures using mfold software (http://mfold. rna. albany. edu)
[39] which may otherwise hinder the assay.

(p-ssDNA) was ordered from SinaClon BioScience Co. (Iran). A
complementary-sequence oligonucleotide (target oligonucleotide,
t-ssDNA) was purchased from SinaClon BioScience Co. (Iran). The
oligonucleotide sequences were as follows:

(p-ssDNA) sequence: 5-TGTTGGGTGACGCTTTAGTGGGTT-3'".

t-ssDNA sequence: 5'-AACCCACTAAAGCGTCACCCAACA-3'".

The oligonucleotide stock solutions were prepared with
20 mmol L~ Tris-HCI buffer, pH 7.4 solution (Tris) and kept
frozen.

Quantum dots of magnetic cobalt-zinc ferrite (CogsZngsFe;04)
were synthesized by a precipitation route. Co(Il), Zn(II) and Fe(III)
chloride salts with a 1:1:4 stoichiometric ratios were dissolved in a
100 mmol L~ hydrochloric acid solution and heated to 80 °C.
Then, a solution of 4.0 mol L' of sodium hydroxide with a tem-
perature of 80 °C was rapidly added to the salts solution and
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Fig. 1. FESEM images of magnetic cobalt-zinc ferrite quantum dots with different magnifications.
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mixed with magnetic stirring to attain a final pH 12.0. The tem-
perature was then increased to 100 °C and stirring was continued
for 1 h to perform crystallization of the ferrite dots. The solution
was then cooled to room temperature and the sample was col-
lected by a permanent magnet. The sample was washed with
water to neutralize the supernatant and dried at ambient
temperature.

Field emission scanning electron microscopy (FESEM) was
performed using a Zeiss, Sigma-IGMA/VP (Germany). A dried
sample of the quantum dots was placed on a glass lamella, coated
by a gold thin film, and observed under the microscope. Trans-
mission electron microscopy (TEM) was carried out by a ZEISS

10 nm

instrument, EM 10C (Germany) with an accelerating voltage of
80 kV. A quantum dots suspension in water was ultrasonicated by
a probe ultrasound for 45 min, and a droplet of the resultant
suspension was placed on a TEM grid, and observed by TEM.

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

Electrochemical detection of the DNA hybridization was per-
formed in a 10 mL solution of Tris by cyclic voltammetry and dif-
ferential pulse voltammetry for the reduction peak of bound

©
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Fig. 2. TEM images of magnetic cobalt-zinc ferrite quantum dots with different magnifications.
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methylene blue (MB). For differential pulse voltammetry, a pulse
width of 25mV, a pulse time of 50 ms, and a scan rate of
10 mV s~ ! were employed. The concentrations of target DNA were
quantified as the MB reduction peak current.

Unmodified carbon paste electrode (UCPE) was prepared by
careful hand-mixing graphite fine powder and mineral oil with a
ratio of 80:20 by wt%. The paste was packed firmly into a cavity
(2 mm diameter) at the end of a Teflon tube. Electrical contact was
established by a copper wire.

Modified carbon paste electrode (MCPE) with magnetic cobalt-
zinc ferrite quantum dots were prepared by careful hand-mixing
graphite fine powder, mineral oil, and cobalt-zinc ferrite quantum
dots with ratios of 60:20:20 (wt%, otherwise stated) and the
electrode was prepared similar to UCPE. When the percentage of
the modifier was changed (optimization of the modifier amount),
the summation of carbon powder and the modifier was kept to be
at 80%. The surface of carbon paste electrodes was smoothed on a
piece of weighing paper.

Immobilization of (p-ssDNA) was performed by dropping 10 pL
of 7 pmol L1 (p-ssDNA) solution dissolved in Tris on the MCPE
surface, and remained intact under an IR lamp to dry [13]. The
electrode was then rinsed thoroughly with Tris to remove the
unadsorbed (p-ssDNA). The resultant electrode was denoted as the
genosensor. Control experiments were also performed by UCPE.

The hybridization process was performed by dropping 10 pL of
Tris containing various concentrations of t-ssDNA on the geno-
sensor surface for 40 min at 37 °C. During this procedure, a small
vial was tightly fit on the genosensor body to prevent quick eva-
poration of the droplet. Then, the electrode was rinsed with Tris to
remove the unhybridized t-ssDNA, and then it was incubated in a
solution containing Tris +20 pmol L~' MB for 5 min at 37 °C [8].
Finally, the electrode was rinsed with Tris to remove the physically
adsorbed MB.

The cryopreserved Leishmania major (MRHO/IR/75/ER) and
Leishmania infantum (MCAN/IR/96/LON49) and Leishmania tropica
(MHOM/IR/02/Mash10) were received from Tehran University of
Medical Sciences, Tehran, Iran, and cultivated in RPMI 1640
medium supplemented with 10% (v/v) heat-inactivated fetal bo-
vine serum (Gibco) and 1% pen-strep (Sigma) at 24 °C. The pro-
mastigotes were counted daily in a Neubauer chamber until a
concentration of 1x 10’ mL~! parasites was reached. Approxi-
mately, 107 phase promastigotes of isolates were harvested from
the culture by centrifugation. The pellets were washed 34 times
with chilled 50 mmol L~! phosphate buffer saline (pH 7.0% and
0.7% NaCl) and suspended in 750 mL of NET buffer (5 mol L'
NaCl, 0.5 mol L~! EDTA, 1 molL~! Tris buffer pH 8.0). The cells
were lysed with Proteinase K (100 mg mL~') and 1% sodium do-
decyl sulphate 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 pL of elution buffer. The parasitic DNA concentration was
determined by a Thermo Scientific NanoDrop 2000c (USA) and
then diluted in a serial dilutions from 7.31x107™ to
731x10 % ngpL~ 1

Biopsy specimen of 6 human samples with cutaneous leish-
maniasis was collected after sterilization of the lesion area on the
slides, stained by Giemsa and microscopically characterized.
Parasite DNA was extracted from 100 to 200 pL 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 pL of the elution buffer.

PCR followed by gel electrophoreses was performed to identify
Leishmania major and Leishmania tropica in the human samples
with cutaneous leishmaniasis. PCR primers were based on the
non-protein coding region (AB678349.1) of Leishmania major
minicircle kKDNA (Iranian Standard strain MCAN/IR/97/LON490,

isolate: IranJWmaj) gene region [38], and purchased from Sina-
clon, Iran. The YTA kit for tissue was employed.

3. Results and discussion

Fig. 1 shows FESEM images of the magnetic cobalt-zinc ferrite
quantum dots with different magnifications. In the dried sample of
quantum dots, the particles were agglomerated due to their
magnetic property. A mean diameter of 18 ( + 3.3, n=200) nm was
obtained for the individual agglomerated particles. Fig. 2 re-
presents TEM images of the quantum dots with different magni-
fications. TEM images clearly show that the sample contains uni-
form particles with a narrow distribution size and a mean dia-
meter of 4.2 ( +0.9, n=200) nm. Therefore, the ferrite sample is
denoted as ferrite quantum dots.

Fig. 3 shows cyclic voltammograms recorded using UCPE and
MCPE for 50 pmol L~! MB in Tris. MB represents a couple peak of
oxidation/reduction with a quasi-reversible kinetics on both the
electrodes. However, the reduction peak current of MB on MCPE
increased followed by decrement in the anodic peak current,
compared to UCPE. This is a typical behavior for a surface redox
mediation electron transfer process [40], indicating that the elec-
troreduction of MB was catalyzed by one of the chemical species
present in the quantum dots composition (EC' mechanism [40], Co
(1IT) or Fe(II) species). This electrocatalytic process is supported by
the dependency of the current function (peak current divided by
the square root of the potential sweep rate) on the square root of
the potential sweep rate, obtained by recording voltammograms of
MB using MCPE at various potential sweep rates (Fig. 3, inset).
Without going to the details of this process (which needs a de-
tailed study), it causes a useful behavior in the fabrication of the
genosensor by an enhancement in the reduction current of MB and
increase in the sensitivity of the genosensor.

The cobalt-zinc ferrite quantum dots employed in this study
provide a suitable surface to fabricate the genosensor. The quan-
tum dots have an electrocatalytic effect toward the electroreduc-
tion of MB resulting in a higher peak current and sensitivity. On
the other hand, they provide a high surface area due to the much
small size to immobilize a high level of (p-ssDNA) and provide a
high surface concentration of the probe. It has been reported that
cobalt ferrite strongly and directly interacts with DNA and stabi-
lizes its structure [41,42]; this leads to an application of ferrites to
isolation and separation of DNA [16,43].
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Fig. 3. Cyclic voltammograms recorded using UCPE and MCPE in the absence and
presence of 50 pmol L~ ! MB in Tris. The potential sweep rate was 50 mV s~ . Inset:
Dependency of current function on the square root of the potential sweep rate. The
data was obtained from voltammograms of 50 pmol L~ MB using MCPE recorded
at various potential sweep rates.
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Fig. 4. A-H) Cyclic voltammograms of MB recorded using UCPE (A), and MCPEs prepared with different percent of the quantum dots of 1 (B), 2 (C), 5 (D), 10 (E), 15 (F), 20 (G),
and 40% (H), after immobilization of (p-ssDNA) by dropping 10 uL of 7 pmol L~ (p-ssDNA) solution dissolved in Tris on the electrode surfaces (blue curves) and subsequent
by hybridization (red curves) with 10 uL of 1.0 x 10~ '3 umol L~ t-ssDNA solution dissolved in Tris for 40 min at 37 °C. The potential sweep rate was 50 mV s~ . Probe-
immobilized electrodes, before and also after hybridization process, were incubated in a solution containing Tris +20 mmol 20 pmol L~ MB for 5 min at 37 °C, and then
cyclic voltammograms were recorded. I) The dependency of the differences between the cathodic peak currents before and after hybridization on the modifier (quantum
dots) percent. (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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In order to optimize the experimental conditions to attain the
best result (signal), the percentage of the quantum dots to prepare
MCPE, concentration of (p-ssDNA) for the immobilization process,
and the time of hybridization were optimized. Fig. 4(A-H) re-
presents cyclic voltammograms of MB recorded using UCPE, and
MCPEs prepared with different percentages of the quantum dots
after immobilization of (p-ssDNA) and also after hybridization
with t-ssDNA. The dependency of the differences between the
cathodic peak currents before and after hybridization on the
modifier (quantum dots) percentage is presented in Fig. 4(I). It
should be noted that with a 40% of modifier, well-defined peaks
were attained neither before nor after hybridization. Based on the
results, no peaks appeared in the voltammograms recorded using
UCPE, indicating negligible immobilization of (p-ssDNA) on the
UCPE surface. In addition, 20% modifier provided the highest
cathodic peak current, and this value was chosen to prepare the
genosensor. Upon increment in the modifier percentage to 20%,
the immobilization units increased and the surface concentration
of (p-ssDNA) increased. However, higher percentage caused to
decrement in the electrical conductivity of the carbon paste and
decrement in the peak current. To optimize the concentration of
(p-ssDNA) to immobilize on the MCPE surface, different
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Fig. 5. A)Dependency of the differences between cathodic peak currents of MB in
cyclic voltammograms recorded before and after hybridization on the concentra-
tion of (p-ssDNA) employed for fabrication of the genosensor. (p-ssDNA)-im-
mobilized electrodes with 10 uL of various concentrations of (p-ssDNA) were fab-
ricated. They were then incubated in a solution containing Tris +20 pmol L~! MB
for 5 min at 37 °C, rinsed with Tris to remove the physically absorbed MB, and then
cyclic voltammograms were recorded. After that, these electrodes were hybridized
with 10 pL of 1.0 x 10~ umol L~ t-ssDNA solution dissolved in Tris for 40 min at
37 °C. Afterward, they were incubated in a solution containing Tris +20 pmol L~!
MB for 5 min at 37 °C, rinsed with Tris to remove the physically absorbed MB, and
then cyclic voltammograms were recorded. B) Dependency of the cathodic peak
currents of MB in cyclic voltammograms recorded after hybridization of the gen-
osensor with 10 pL of 1.0 x 10~ " ymol L~ t-ssDNA solution dissolved in Tris for
different times at 37 °C. After hybridization of the genosensor with t-ssDNA, the
genosensor was incubated in a solution containing Tris +20 pmol L~! MB for 5 min
at 37 °C, rinsed with Tris to remove the physically absorbed MB, and then cyclic
voltammograms were recorded.

concentrations of (p-ssDNA) were immobilized on the MCPE sur-
face, and cyclic voltammograms of MB were recorded using (p-
ssDNA)-immobilized MCPE, before and after hybridization with
t-ssDNA. As it is displayed in Fig. 5(A), 7 pmol L~! (p-ssDNA) so-
lution provided the highest peak current difference. Increment in
the concentration of (p-ssDNA) caused to increment in the im-
mobilized concentration of the probe, and a concentration of
7 pmol L~ provided a saturated surface concentration. In order to
optimize the hybridization time, the genosensor was prepared and
then hybridized with t-ssDNA at different times. The results are
shown in Fig. 5(B), and indicate that after 40 min, the (p-ssDNA)-t-
ssDNA hybridization process completes, and this time was selected
as the best time of hybridization.

Fig. 6 shows DPVs of MB while interacting with the genosensor
before and after hybridization with different concentrations of
t-ssDNA recorded in Tris. The curve recorded using MCPE is also
shown in Fig. 6. The peak current of MB using MCPE is the lowest,
and that for the genosensor is higher. Upon hybridization of the
genosensor with t-ssDNA, the peak current increased further. This
indicates the interaction of MB with both (p-ssDNA) and the re-
sultant double stranded DNA (dsDNA), with higher affinity to
dsDNA. MB binds with both single stranded DNA (ssDNA) and
dsDNA through different modes of interactions of hydrophobic and
electrostatic [44]. Under the (low) ionic strength of the MB
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Fig. 6. DPVs of MB interacting with (p-ssDNA) before and after hybridization with
different concentrations of t-ssDNA recorded in Tris. Inset: The dependency of the
peak current on the t-ssDNA concentration.
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Fig. 7. DPVs of MB while interacting with the genosensor before and after hy-
bridization with different concentrations of genomic target. Inset: The dependency
of the peak current on the t-ssDNA concentration.
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solution employed here, binding of MB with dsDNA through in-
tercalation is favorable. This behavior was also observed elsewhere
[19,44,45]. The dependency of the peak current on the t-ssDNA
concentration is shown in Fig. 6, inset. The plot is linear with a
regression equation of y=—(0.6158+0.2262)x +(16.583 +
0.0154) in the range of 1.0x10"!" to 1.0x10"®molL~! of
t-ssDNA with a limit of detection (LOD, as 3 SD/m, SD is the
standard deviation of blank signal, and m is the slope of the cali-
bration curve) of 2.0 x 10~ ® mol L~ of t-ssDNA.

In order to detect the genomic DNA, DNA genome was ex-
tracted from Leishmania major, and the DNA concentrations in the
extracted samples were determined. Then, solutions of the para-
site genome with different concentrations were prepared and
placed at 90 °C for 10 min to dehybridize. After that, DPVs of MB
while interacting with the genosensor before and after hy-
bridization with different concentrations of genomic target were
recorded. The DPVs are shown in Fig. 7, and the corresponding
calibration curve is presented in Fig. 7, inset. Based on the ob-
tained results, the genome of Leishmania major can be detected in
a linear range of 7.31 x 10~ to 7.31 x 10~ ® ng puL~! with a LOD of
1.80 x 10~ ng pL~ . The LOD value obtained here is lower than
some genosensors reported previously [46,47].

To evaluate the selectivity of the genosensor toward other
Leishmania species, Leishmania infantum and Leishmania tropica
were checked as negative controls. DNA genomes were extracted
from these species, and dehybridized. Then, two concentrations of
731x 1078 and 7.31x 10 ®nguL~' from these samples were
analyzed with the genosensor. For both these concentrations, the
peak currents in DPVs showed slight increment, compared to the
peak current for the genosensor (Fig. 8). This indicates that the
genosensor can distinguish Leishmania major from Leishmania in-
fantum and Leishmania tropica.

In order to check the applicability of the genosensor for diag-
nosis of cutaneous leishmaniasis in patients, biopsy specimens of
6 human samples with leishmaniasis were collected and extracted,
and PCR and gel electrophoresis were performed. Based on the
PCR-gel electrophoresis analyses, the samples included 5 resulting
from Leishmania major and one resulting from Leishmania tropica.
The extracted DNA samples (without PCR) were then dehybridized
and analyzed using the genosensor. Changes in the peak currents
in DPVs were obtained using the genosensor for theses samples.
On the other hand, the value of 10 x standard deviation of the
peak current for (p-ssDNA) (blank signal, n=3) were obtained and

1(nA)

_7 1 1 1
-600 -400 -200 0

E (mV)

Fig. 8. DPVs of MB while interacting with the genosensor before (black curve) and
after hybridization with 7.31 x 10~8 (blue and red curves) and 7.31 x 10~ ng pL~!
(light blue and light red curves) of Leishmania infantum (red curves) and Leishmania
tropica (blue curves). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 1
The results obtained for the analysis of extracted DNA samples from patients in-
fected by Leishmania species.

Sample No. Parasite species SD-Ip, gen (pA) 10 x SD-I;, gen (HA) Ip, hyb (RA)

1 Major 0.167 1.67 4.88
2 Major 0.070 0.70 4.37
3 Major 0.180 1.80 4.28
4 Major 0.226 2.26 444
5 Major 0.079 0.79 33

6 Tropica 0.289 2.89 4.99

SD-Ip, gen: Standard deviation (n=3) of the peak current of MB in DPV recorded in
Tris for the genosensor before hybridization with the genomic DNA extracted from
patient samples.

Ip, nyb: The peak current of MB in DPV recorded in Tris for the genosensor after
hybridization with the genomic DNA extracted from patient samples.

presented in Table 1. It was found that the increments in the peak
currents for the samples containing Leishmania major were sig-
nificant (higher than the limit of quantitation of the genosensor),
and that for Leishmania tropica it was non-significant. The results
indicated that this label-free, PCR-free, signal-on genosensor is
capable to detect Leishmania major in the samples from patients
without amplification.

4. Conclusion

1. A simple precipitation procedure was developed for the synth-
esis of cobalt substituted zinc ferrite quantum dots.

2. The quantum dots were evaluated for the immobilization of a
Leishmania-specific probe without any functionalization (such
as thiolation, biotinylation); the results indicated that ssDNA
had a high affinity to the surface of the quantum dots.

3. The quantum dots had an electrocatalytic activity toward the
electroreduction of MB, resulting in the enhancement in the
genosensor signals and sensitivity. The quantum dots had a
great potential to fabricate DNA biosensors.

4, The fabricated label-free, PCR-free and signal-on genosensor
showed a high sensitivity to detect cutaneous leishmaniasis.
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