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Leishmania parasite identification is very important in clinical studies of leishmaniasis and its diagnosis. Though
there are various clinical and epidemiological approaches to identifying Leishmania infantum, due to some
limitations of the traditional methods, sensitive and specific techniques are needed and are in great demand.
To achieve selective and rapid detection, a sensitive signal transducer with high surface area is necessary. In
this work, a new paper sensor was fabricated using silver nanoprisms electrodeposited on the GQD
conductive nano-ink (Ag NPr/GQDs nano-ink). A high surface area and suitable interface for anchoring
biomolecules was achieved by electrodepositing gold nanoparticles (AuNPs) functionalized with cysteamine
(AUNPs-CysA) on the surface of the paper sensor altered by Ag NPr/GQDs nano-ink. To prepare a sensitive
and selective bio-device for the recognition of Leishmania in human plasma specimens, a DNA-thiol probe
was stabilized on the surface of the platform. Hybridization of DNA was evaluated by chronoamperometry
(ChA). The engineered DNA-based paper biosensor showed high sensitivity and selectivity for the
identification of Leishmania genomic DNA. Under optimum circumstances, a linear range was obtained using
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(LLOQ) on the photographic paper and ivory sheet were 1 zM. In addition, the designed DNA-based biosensor
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1. Introduction

Leishmania, a protozoan parasite, causes leishmaniasis or
kalaazar disease." Leishmaniasis is one of the chief parasitic
diseases that causes epidemic and is transmitted through
infected blood transfusions, sand fly bites and the reuse of
infected needles.” The clinical indications of this illness are in
three areas: mucosal, cutaneous and visceral leishmaniasis.®*
Since clinical treatment and epidemiological purposes require
useful and practical knowledge of parasite species identifica-
tion, different laboratory techniques have been devised to
detect parasites and identify the Leishmania species.>® Tradi-
tional non-sensitive methods used to diagnose Leishmania in
clinical samples include microscopic and culture methods.
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three base mismatches) and selectivity.

Molecular methods cannot distinguish between Leishmania
major and Leishmania tropica lesions.” Nevertheless, isoenzyme
electrophoresis is the standard method for classifying Leish-
mania species, but is costly, laborious and slow, in addition to
requiring culturing.®® Molecular biology techniques, such as
spot, dot, and squash blots, as well as ELISA, lack the rapidity,
sensitivity and specificity for the isolates.'®*> Although the
results obtained from PCR, RFLP, RT-PCR and conventional
PCR are quantitative and reliable, they require a well-equipped
laboratory and technical complexity.*»* Hence, there is
a requirement to develop rapid, sensitive, selective, economical
and reliable methods to identify Leishmania.

Recently, electrochemical techniques have attracted much
attention owing to their specificity, susceptible, economy,
simplicity of use, minimization ability and rapid response.”**
Additionally, electrochemical methods provide beneficial
information on the formation of the electrical double layer,
electrode kinetics, and interface performance in biological
electrodes.*® The combination of electrochemical methods and
paper substrates is a suitable approach for the preparation of
diagnostic tools."” This technology has attracted much attention
due to its simplicity, easy preparation, reasonable price,
disposability and portability. The intrinsic properties of
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cellulose paper, such as biocompatibility, flexibility, environ-
mental friendliness, availability, hydrophilicity, light weight
and low cost, can be used to develop analytical devices.”® In
addition, the possibility of cutting and preparing substrates of
desired sizes, the ability to fold and the ease of physical and
chemical modification of its surface are also significant.
Another important feature of paper is its porosity, which
enables a solution to flow through capillary action without the
need for an external pumping source."*?°

DNA-based electrochemical sensors have received much
notice due to their wide implementation for the detection of
mutated genes, target DNA sequences and diverse diseases.” In
DNA-based biosensors, probe immobilization on the surface is
of particular importance. Various methods, such as covalent
bonding, adsorption and entrapment, have been employed to
stabilize DNA on various surfaces.?” Despite the development of
these methods, issues such as poor DNA binding, low compat-
ibility of immobilized materials on the surface, low surface area,
and the formation of weak or inactive conductive layers have
been raised. Hence, different types of nanoparticles have been
utilized in biosensors to amplify the electrical signal due to
their favorable electronic properties, high surface area,
biocompatibility and the electrocatalytic activity from their
specific physicochemical properties and nanometer size.”***
Nanoparticles can increase surface area due to their unique size
and shape. Electrostatic interactions of nanoparticles result in
their adsorption or binding to different surfaces. They can also
act as anchors for other molecules because of the functional
groups on their surfaces. In addition, a variety of conductive
inks, such as metal nanoparticles and carbon inks, have been
developed due to their advantages, like water solubility, low
toxicity, abundant and inexpensive resources, chemical inac-
tivity and biocompatibility for biosensor design.>*>¢

Due to the benefits of conductive inks and the unique
properties of nanoparticles, in this work, an innovative paper-
based biosensor was prepared using Ag NPr/GQDs nano-ink
and employed for recognition of Leishmania in human plasma
specimens. First, Ag NPr/GQDs nano-ink was synthesized as
a transducer for the proposed genosensor substrate. The paper
electrodes were then fabricated by a direct writing method with
the ink. Then, gold nanoparticles (AuNPs) functionalized with
cysteamine (CysA-AuNPs) as a binding agent were electro-
deposited on the surfaces of Ag NPr/GQDs nano ink/paper-
based electrodes and the single stranded DNA (ssDNA) primer
was stabilized on the prepared substrate. Eventually, the
hybridization of DNA and interaction of single stranded DNA
with double stranded DNA were estimated using chro-
noamperometry (ChA). Also, the sensitivity and specificity of the
constructed DNA-based biosensor was assessed by electro-
chemical methods.

2. Methods and materials
2.1. Chemicals and reagents

DNA probes with the following sequences were attained from
Takapouzist Co. (Iran).
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e Single-stranded DNA (ssDNA) probe: SH-5'-ATCTCGTAAG-
CAGATCGCTGTGTCAC-3'.

. Complementary DNA (tDNA): 5'-GTGACA-
CAGCGATCTGCTTACGGAGAT-3'.

o 1-Base mismatched (tDNA): 5'-CTGACA-
CAGCGATCTGCTTACGAAGAT-3'.

. 2-Base mismatched (tDNA): 5'-CCGACA-
CAGCGATCTGCTTACGAGAT-3'.

o 3-Base mismatched (tDNA): 5'-CCCACA-
CAGCGATCTGCTTACGAGAT-3'.

Citric acid, HAuCl,-3H,0 (hydrogen tetrachloroaurate(III)
hydrate), sodium acetate (CH;COONa), KCl (potassium chlo-
ride), MCE (mercaptoethanol), sodium hydroxide (NaOH),
potassium ferrocyanide (K4[Fe(CN)s]), TB (toluidine blue), tri-
sodium citrate (C¢HsO,Naz-2H,0), sodium borohydride
(NaBH,, 96%), hydrogen peroxide (H,O,, 30 wt%) potassium
ferricyanide (K3[Fe(CN)s]), PVP K-30 (polyvinyl pyrrolidone) and
DTT (dithiotrietol) were obtained from Sigma Aldrich (Ontario,
Canada). DNA oligonucleotides were diluted with 0.1 M Tris-
HCI buffer (pH ~7.4). The DTT solution consisted of DTT (500
mM) and sodium acetate (10 mM) at pH ~5.2. 20 uM TB solu-
tion was utilized as a redox indicator to exhibit the hybridiza-
tion of DNA. Electrochemical analysis was performed with
a supporting electrolyte consisting of KCI (0.5 mM) and 0.5 mM
K;Fe(CN)o/K,Fe (CN)s (1 : 1).

2.2. Equipment

A common three electrode (Metrohm) and PalmSense 4c (Palm
Instruments, Utrecht, The Netherlands) system was utilized for
electrochemical measurements. The modified paper with
synthesized ink (Ag NPr/GQDs nano-ink) was tested as a two
electrode system. Ag/AgCl-Sat. KCl was utilized as the reference
electrode. PSTrace 5.3 software was employed to run the elec-
trochemical system. The morphologies of surfaces were distin-
guished using a field emission scanning electron microscope
(FE-SEM, Hitachi-SU8020, Czech.) with a 3 kV operating voltage.
The mechanism of synthesis was investigated by transmission
electron microscopy (TEM, Philips CM30 electron microscope)
at 200 kV (Adelaide, Australia). Energy dispersive spectroscopy
(EDS) was performed to investigate the chemical composition.
Chronoamperometry (ChA) measurements were carried out
using fequitibrium = 2 S, Epc = 0.0 V, t,yn = 500 s and interval time
= 0.1 s. All analytical studies were completed at room temper-
ature in [Fe(CN)s*~"*~ (0.01 M) containing KCL.

2.3. Synthesis of Ag nanoprisms (Ag NPr)

To synthesize silver nanoprisms, 3 mL of PVP solution (0.06 g
PVP) was mixed with 200 mL of water. Then, 4 mL of 0.01 M
AgNO; solution was slowly added and stirred vigorously. TCS
solution (8 mL, 75 mM) was slowly added to the above mixture
and, after stirring at high speed, H,0, (960 pL) was slowly added
and stirred. Subsequently, NaBH, solution (3200 uL, 100 mM)
was added to the mixture as a reducing agent. When NaBH, was
added, the solution color altered to deep yellow due to the
formation of small Ag NPrs. After a few seconds, the colloidal
solution color altered to light yellow. The resulting mixture was

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Photographic image of Ag NPrs after centrifugation.

stirred at room temperature and, after 30 minutes, the color
altered to blue. Finally, the prepared colloidal mixture was
centrifuged for 15 min at 6000 rpm and stored at 4 °C for
subsequent use (Fig. 1).

2.4. Ag NPr/GQDs conductive nano ink synthesis

GQDs were synthesised and characterized in accordance with our
previous works.”” In the previous report, we used TEM and AFM
images to characterize the bare GQDs, as shown in Fig. S1 (ESIt). To
synthesize the nano-ink, 0.013 g of chitosan was first dissolved in
2 mL acetic acid solution (0.1 M). It was then magnetically mixed
with 0.2 g of PVP K-30 and 0.6 g of graphite (Gr) powder. Thereafter,
2 mL of GQDs was mixed with the beginning solution and stirred.
Then, 600 pL of Ag nanoprism solution was added into the above
mixture and stirred for about 10 min. The mixture was incubated
for 12 hours at 60 °C. Then, it was stirred at 80 °C and NaOH
solution (0.12 g dissolved in 400 pL water) was added to it. The
resulting solution was centrifuged (30 min at 8000 rpm) and
washed 3 times with distilled water (DI) to remove extra reactant.
Finally, the hybrid conductive ink was made by dispersing the Ag
NPr/GQDs nano ink into deionized ethanol, water, and ethylene
glycol at a ratio of 6 : 3 : 6 (v/v/v) and ultra-sonicating for 30 min.
Electrodes were constructed on the surfaces of both photographic
paper and ivory sheet paper via direct writing of the nano-ink using
a conductive pen.

2.5. Conductivity investigation of Ag NPr/GQDs nano-ink

Conductivity was studied by the depiction of diverse conductive
lines on various surfaces, including photographic paper,
a circuit board and ivory sheet paper, using Ag NPr/GQDs nano
ink. To investigate the conductivity of the tracks, a 1.5 voltage
dip lead and a battery were fixed on the surface. That way, the
cathode surface of the battery was connected to one side of the
conductive track and the battery anode was touched by the

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Photographic representation of several conductive lines fabri-
cated with Ag NPr/GQDs nano ink on diverse surfaces.

cathode lead leg. So, the anode lead leg was connected to the
other side of the conductive track. As the electronic circuit was
created, the LED lit up (Fig. 2).

2.6. Characterizations

2.6.1. The TEM, FE-SEM and EDS of bulk Ag NPr/GQDs
nano-ink. TEM images (Fig. S2 in ESIf) of the bare AgNPrs
were recorded and the obtained results were similar to previous
reports.” It was found that the average particle size is 10-50 nm.
Also, bulk AgNPr/GQDs nano-ink was recorded for extra
confirmation of proper ink synthesis (Fig. S3 in ESI}). It is
noteworthy that there are large scale sheets due to the presence
of graphite and that silver nanoparticles are scattered on these
sheets.

Morphological characterization of the synthesized ink was
carried out using field emission scanning electron microscopy.
Fig. S4 (ESIY) reveals the FE-SEM pictures of bulk Ag NPr/GQDs
nano-ink in which it can be seen that the small-sized Ag prisms
embellished the graphite sheets. It is noteworthy that there is
no aggregation of nanoparticles in the Ag NPr/GQDs nano-ink
prepared in water/ethanol/EG.

Fig. S5 (ESIt) reveals the EDS spectrum of bulk Ag NPrs/
GQDs nano-ink, showing large and sharp C and Ag peaks
respectively related to the graphite and Ag elements in the
prepared nano-ink.

2.6.2. FE-SEM and EDS of different steps of engineered
genosensor. Topographical and elemental information in
various stages of the genosensor design were investigated by FE-
SEM and EDS. Fig. 3(A-I) illustrate the FE-SEM images of Ag
NRs/GQDs nano-ink, AuNPs-Cys/Ag NPrs/GQDs nano ink,
AuNPs-Cys/Ag NPrs/GQDs nano ink/pDNA, and AuNPs-Cys/Ag
NPrs/GQDs nano ink/pDNA/MCE/TB/c DNA fabricated on the
surfaces of paper electrodes. Ag NPrs/GQDs nano-ink has an
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Fig. 3 FE-SEM images of (A—C) Ag NPr/GQDs nano-ink, (D—F) AuNPs-Cys modified Ag NPr/GQDs nano-ink (AuNPs-Cys/Ag NPr/GQDs nano
ink), (G—1) AuNPs-Cys/Ag NPr/GQDs nano ink/pDNA and (J-L) AuNPs-Cys/Ag NPr/GQDs nano ink/pDNA/MCE/TB/c DNA deposited on the
surface of paper electrodes.
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Fig.4 Chronoamperograms of Ag NPr/GQDs nano ink/paper electrode in the presence of CysA-AuNPs on (A) photographic paper and (B) ivory

sheet paper (duration =500s, £ = 0.0 V).

uneven surface because of the irregular graphic sheets in its
frame. Fig. 3(F-H) clearly display that, after the electrodeposi-
tion of AuNPs-Cys, the morphology of the ivory sheet paper/Ag
NPrs/GQDs nano-ink changed. The coated layer increases the
surface area, causing more probe DNA to attach to the surface
and different morphological changes to occur; also, the surface
roughness of the electrode was increased after this step. The
EDS spectra of Ag NPr/GQDs nano-ink on the surface of ivory
sheet paper and AuNPs-Cys electrodeposited on the surface of
Ag NRs/GQDs nano-ink/ivory sheet paper are shown in Fig. S6
(ESIY). The signals of N and S were related to Cys and the signals
of O, C, and N elements were associated with GQDs and Cys.

2.7. Fabrication of the electrochemical paper-based
genosensor

To design the genosensor, a two-electrode system containing
working and reference electrodes was first drawn using Ag NPr/

PDNA

Ag NPr/GQDs nano-ink
paper electrode

Ag NPr/GQDs nano-ink/CysA-AuNPs
paper electrode

Detection

(L-J\

GQDs nano ink on the surfaces of photographic and ivory sheet
papers. Subsequently, AuNPs-Cys was electrodeposited on the
surface of the prepared paper electrode wusing chro-
noamperometry (ChA) for a duration of 500 s and at E = 0.0 V
(Fig. 4); gold NPs were deposited on the surface through a bond
between the amine group of AuNPs-Cys and the carboxyl group
of GQDs nano ink. In order to fabricate the DNA-based
biosensor, a mixture of sodium acetate-DTT solution and
PDNA (1 : 1 v/v) was kept at room temperature for about 30 min.
Afterward, the mixture was immobilized on the surface of the Ag
NPr/GQDs nano-ink/paper electrode and incubated for 4 h at
4 °C. The designed electrode was then rinsed with DW and
incubated in mercaptoethanol (MCE) at room temperature for
30 min. Toluidine blue was also cast on the surface of the
electrode as a redox indicator to label the pDNA.® Scheme 1
illustrates the fabrication stages of the electrochemical geno-
sensor. Since TB has high-affinity for the acidic components of

MCE

cDNA

Scheme 1 The schematic presentation of the fabrication process of the AUNPs-Cys/Ag NPr/GQDs nano ink/paper electrode.

This journal is © The Royal Society of Chemistry 2020
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tissues, it was used to dye tissues containing RNA and DNA and
as a marker in redox systems.”® MCE was employed as a bio-
logical antioxidant to block the uncovered sites and increase
DNA affinity.?* DTT was also utilized to inhibit the production of
intermolecular and intramolecular SS-bonds in probes func-
tionalized with -SH (thiol) groups.*

3. Results and discussion
3.1. Study of electrochemical behavior in different steps

To investigate the electrochemical behavior, the hybridization
of DNA was detected after exposure to cDNA and in its absence.
The amount of hybridization can be identified based on the
electrochemical response after hybridization using probes
labeled with enzymes and redox peak current or nanoparticles
of electroactive DNA bases and a hybridization indicator. The
electrochemical performances of the various steps of paper-
based electrode alteration were investigated using ChA in
[Fe(CN)g]>*7/KCI mixture as the supporting electrolyte. The
results show that the Au nanoparticles electrodeposited on the
ink-paper-electrode act as anchors for the thiol groups and
increase the electroactive surface area as well as the current

(Fig. 5).

160
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e |nk/Cys A-Au NPs
Ink/Cys A-Au NPs/pDNA
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Fig. 5 ChAs of various stages of the electrochemical paper based
genosensor on (A) photographic paper and (B) ivory sheet paper (E =
0.2 V, duration = 150 s; supporting electrolyte is [Fe(CN)gl>~/4~/KC).
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3.2. Toluidine blue (TB) optimization time

In DNA based biosensors, TB is employed as a redox hybrid-
ization marker. Therefore, it is important to obtain the best
incubation time for TB to label the DNA probe. In this work, the
optimum time for labelling was assessed wusing chro-
noamperometry in the [Fe(CN)s> *7/KCl mixture as a sup-
porting electrolyte at different incubation times of 2, 5, 7, 10
and 15 min. The results exhibited in Fig. S7 (ESIt) reveal that
the optimum time for TB incubation is 10 min.

3.3. Optimization of DNA hybridization time

Given the significance of hybridization time in evaluating the
completion of the designed DNA-based biosensor, the best time
was found through cDNA incubation for various times. For this
purpose, DNA was stabilized on the surface of the genosensor
and incubated for different times (10, 20, 30, 40, and 60 min) at
37 °C. The optimum time for hybridization was assessed by ChA
in [Fe(CN)e]> "*7/KCI solution. The results reveal that the
optimal time for hybridization of DNA is 20 minutes (Fig. S8 in
ESIt).

3.4. Analytical performance

The completion of the genosensor was investigated using ss-
DNA hybridization with various concentrations of cDNA.
Fig. 6 shows the hybridization chronoamperograms in the
presence of various concentrations of cDNA (37 °C, 20 min). The
obtained results indicate an increase in the peak current
resulting from a decrease in target ssDNA concentration. The
calibration curve was plotted from the peak current and the
logarithm of cDNA concentration under optimum conditions.
Linear ranges of 1 pM to 1 zM and 1 nM to 1 zM were found
using photographic paper and ivory sheet paper, respectively.
The lower limit of quantification (LLOQ) of 1 zM was obtained
using both photographic paper and ivory sheet paper. The
results indicate the high capability of the designed genosensor
for Leishmania detection. A comparison of the analytical results
of this DNA-based biosensor and those from prior studies,
presented in Table 1, shows its high sensitivity compared to
other methods. In addition to the low LLOQ as compared to
other reports, this bio-device performs the analysis in less time
and also does not require PCR for DNA pre-treatment. The
results reveal that the engineered genosensor is an inexpensive
and feasible molecular diagnostic method that demonstrates
the ability to detect Leishmania infantum in clinical samples.
The results reveal that the designed DNA-based biosensor
provides an appropriate substrate for monitoring Leishmania at
low concentrations. Comparing the analytical results of the
prepared DNA-based biosensor with other studies reveals that
the offered bio-device is more sensitive than other techniques.
Furthermore, this genosensor has a suitable ability to distin-
guish complementary sequences from mismatched sequences.
Therefore, it can be concluded that the proposed selective bio-
device will hopefully identify Leishmania in clinical specimens.
Another advantage of this method is that it requires little time
for sample analysis. In addition to biosensors, various methods

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (A) ChAs of the engineered DNA-based biosensor in different concentrations of target ssDNA (107°, 107°, 1072 and 1072 M) and
calibration plots on photographic paper. (B) ChAs of the engineered DNA-based biosensor in different concentrations of target ssDNA (107",
1072107 and 1072 M) and calibration plots on ivory sheet paper. (E = 0.2 V, duration = 150 s; supporting electrolyte is [Fe(CN)g]*~4~/KC).

have been proposed to identify Leishmania infantum, including
serological,®* molecular®**** and parasitological tech-
niques.”** Commercially available antigenic LFA strips are
used to diagnose visceral leishmaniasis. Restrictions on cell
culture and microscopic investigation, such as time consump-
tion and low sensitivity, can be eliminated by using immuno-
assays to recognize antibodies against Leishmania.*> However,
there are limitations to monitoring CanL DNA using LFA, which
could suggest other ways to detect it. Molecular techniques such
as PCR are also employed to detect DNA from Leishmania, but,
despite their high sensitivity and specificity, they are not cost-
effective and require more time.*® Therefore, there is a need
to develop new methods for identification of bacteria, for which
genosensors can be a suitable alternative option for bacteria
recognition.

This journal is © The Royal Society of Chemistry 2020

3.5. Selectivity of the prepared genosensor

One of the biggest challenges for DNA-based biosensors is the
capability to detect analogous sequences. Therefore, measuring
the specificity of the engineered genosensor using mismatch
sequences is the most important step in DNA bioassay. For this
purpose, the proposed biosensor was incubated using comple-
mentary target DNA sequences as the negative control (5'-
GTGACACAGCGATCTGCTTACGGAGAT-3'), and one-base (5'-
CTGACACAGCGATCTGCTTACGAAGAT-3'), two-base (5'-CCGA-
CACAGCGATCTGCTTACGAGAT-3') and three-base (5-CCCA-
CACAGCGATCTGCTTACGAGAT-3') mismatched sequences
under optimal hybridization conditions (37 °C for 20 min) with
chronoamperometry employed to evaluate the selectivity of the
biosensor. The results reveal a good ChA signal in the case of
the complementary sequence, whereas the ChA responses for
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Table 1 Comparison between the various methods' sensitivity to recognition of Leishmania
Recognition method Substance Linear area LOD and LLOQ Ref.
Differential pulse Quantum dots of magnetic 1.0 x 107" to 1.0 x 2.0 x 107 mol L™* 30
voltammetry (DPV) cobalt-zinc ferrite 10 ¥ mol !
(Coo.5Zng sFe;0,)
Spectrophotometry Gold nanoparticles 0.04 to 0.086 ng pL ™" 7.0 pg uL ! 31
Cyclic voltammetry (CV)- Polyaniline-AuNp — 0.01 pg mL ™" 32
electrochemical impedance
spectroscopy
AuNPs-probe-visual Gold nanoparticles — 11.5 ng puL~* 33
RT-PCR — — 10 fg 34
Magnetic beads-cadmium Magnetic beads — 10° cells per mL 35
selenite quantum dots
Electrochemical biosensing — 2.0 pg pL ' to 2.0 pg pL ! 2.0 pg uL ! 21
Direct boil loop-mediated — 1.0 x 10° parasites per mL 36
isothermal amplification
(LAMP)
ChA Ag NPr-GQDs nano-ink/ 1 puM to 1 zM (photographic 1zM This work
CysA-AuNPs paper)

1 nM to 1 zM (ivory sheet)

the mismatch sequences were significantly weaker than the
complementary target sequences. According to Fig. S9 (ESIT),
after the hybridization of 5'-ATCTCGTAAGCA-
GATCGCTGTGTCAC-3’ with its complementary target sequence
(5-GTGACACAGCGATCTGCTTACGGAGAT-3'), the peak current
appeared at 53 pA. But, when using a single nucleotide
mismatch target sequence, a two-nucleotide mismatch target
sequence, and a three-mismatch target sequence with the
cDNA, the peak currents appeared at 10, 12, and 12 pA,
respectively, on the surface of the photographic paper; on the
other hand, on the surface of ivory sheet after hybridization of
c¢DNA with a supplementary target sequence, the peak current
appeared at 100 pA and when using single, two and three
nucleotide mismatch target sequences, peak currents appeared
at 20, 24 and 24 pA, respectively. This is due to incompatible
bases and incomplete hybridization with the probe sequences
on the surface. The results show that the presented genosensor
has a high capability for selective and distinct detection of DNA
hybridization.

3.6. Stability and repeatability of engineered genosensor

The stability of the pDNA (probe) on the surface of the platform
is a prominent factor in genosensor development. Therefore, in
order to evaluate the analytical completion of the biosensor,
reproducibility and stability were studied.*” To investigate the
reproducibility, the performance of three paper electrodes
prepared with AuNPs-Cys/Ag NPr/GQDs nano ink were evalu-
ated by ChA on the same day (Fig. S10 in ESIT). The relative
standard deviations for detection of 1 pM and 1 nM of target
DNA were 1.49% and 1.77%, respectively. These results sug-
gested the satisfactory fabrication reproducibility and precision
of the genosensor.

Also, to assess the stability over several consecutive days, the
performance of probe/AuNPs-Cys/Ag NPr/GQDs nano ink/paper
sensors was examined by ChA for three days by preserving them
at 4 °C in the dark. The results presented in Fig. S11 (ESIt)
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reveal a decrease in the performance of the proposed sensor day
by day. Therefore, it can be concluded that the best perfor-
mance of this sensor is provided on the same day and, after two
days, it loses its efficiency.

3.7. Application of genosensor for the detection of
Leishmania infantum in real samples

To study the completion of the prepared genosensor for
recognition of Leishmania infantum in human plasma speci-
mens, a mixture of plasma and target ssDNA 1:1 (v/v) was
stabilized on the surface of the probe/AuNPs-Cys/Ag NPr/GQDs
nano ink/paper-based electrode. Fig. S12 (ESI}) reveals the ChA
responses monitored in different concentrations of target
ssDNA in a human plasma specimen. The results indicate that
a decline in the concentration of cDNA leads to an increase in
the peak flow. The linear ranges of 1 fM to 1 zM and 1 pM to
107" M were obtained under optimum conditions using
photographic paper and ivory sheet paper, respectively. Addi-
tionally, the lower limits of quantification (LLOQ) of 1 zM and
10" M were obtained using photographic paper and ivory
sheet paper, respectively.

4. Conclusion

In summary, this study utilized unique Ag NPrs electro-
deposited on GQDs conductive nano ink (Ag NPr/GQDs nano-
ink) to develop disposable and inexpensive paper-based geno-
sensors for the recognition of Leishmania infantum. For this
purpose, the synthesized Ag NPr/GQDs nano-ink was used to
fabricate the paper sensors through direct writing by pen-on-
paper technology. Au nanoparticles functionalized with cyste-
amine (AuNPs-Cys) were then electrodeposited on the surface of
the fabricated substrate as signal amplifier and anchor for the
DNA molecules. Finally, primer sequences were immobilized on
the surface to investigate DNA hybridization. The results reveal
the suitable performance of this engineered genosensor for

This journal is © The Royal Society of Chemistry 2020
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detection of Leishmania infantum. The proposed biosensor also
has a high capability for the selective detection of cDNA over
mismatched sequences, indicating the appropriate specificity of
this platform. In addition, this bio-device is also capable of
monitoring Leishmania infantum in clinical samples. The
proposed assay could be a promising, novel and inexpensive
molecular diagnostic tool for detection of other leishmanial
diseases.
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