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Schistosomiasis is a neglected disease closely related to the low levels of social development and a
serious public health problem. In this work, we performed an electrochemical detection of Schistosoma
mansoni DNA with a self-assembled monolayer of mercaptobenzoic acid (MBA) immobilizing nanostruc-
tures composed of gold nanoparticles (AuNPs) and magnetite nanoparticles (Fe3O4_NPs). Electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV) were used to monitor the hybridization pro-
cess. MBA-Fe;04_NPs-AuNPs-DNAprobe system reveals an effective electrochemical response indicating

Iéfg :Zﬁrsisr:s the surface modification. The proposed biosystem was capable to recognize specific nucleotide sequence
Schistosomiasis of S. mansoni present in cerebrospinal fluid (CFS) and serum samples at different genome DNA concen-

DNA trations. The biorecognition resulted in an increase in the electron transfer resistance and a decrease of
the current peaks at higher DNA concentrations during electrochemical measurements. The developed
platform showed a DNA detection limit of 0.781 and 0.685 pg wL~! for serum and CFS, respectively. There-
fore, the obtained biosensor can be considered as a useful tool for specific detection of S. mansoni at low

Cyclic voltammetry
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Metal nanoparticles

concentrations in various biological fluids.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Schistosomiasis is an important parasitic disease for public
health caused by helminth Schistosoma mansoni 1], which can be
found in many tropical regions of the globe [2]. Some studies have
reported six to seven million people affected in Brazil [3,4] with
higher prevalence in Northeast states [2] and Southeast states [5,6].

A severe form of S. mansoni is the ectopic schistosomiasis that
can manifestin different ways, especially involving the nervous sys-
tem [7]. In these infections, spinal cord is more frequently affected
than the brain [8]. The early treatment of the disease is essential
for a good prognosis and preventing indiscriminate use of drugs
by patients. Therefore, it is necessary the development of afford-
able diagnostic techniques with high sensibility and specificity [9].
Schistosomiasis diagnosis is based on the analysis of faecal sam-
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ples and cerebrospinal fluid (CSF) for nervous system manifestation
[7,10]. Some diagnostic tests such as ELISA, indirect fluorescence
immunoassay, radioimmunoassay are also commonly used [11].
In general, diagnostic tests require expensive equipment and sup-
plies, specialized technicians and are time-consuming [12].

The embolization of eggs during S. mansoni infection is the
most important mechanism to reach the spinal cord. In addition,
it is involved to endemic cases of neuroschistosomiasis in Brazil’s
Northwest [13]. Diagnostic methods for spinal cord schistosomi-
asis have low sensitivity and specificity. The definitive diagnosis
of schistosomiasis is often a difficult process [14]. Therefore, an
effective diagnosis is important, since early treatment can minimize
sequelae [15,16].

Polymerase chain reaction (PCR) can be used to diagnose schis-
tosomiasis in several biological samples [17], butits value in the CSF
is still unknown. Some authors proposed the use of nested PCR to
auxiliary the diagnosis of spinal cord schistosomiasis, in particular
for cases with negative CSF serology [18]. However, further studies
are needed to confirm its clinical use.
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In this context, electrochemical genosensors have been used as
an excellent alternative for the development of new methods for
diagnosis [19,20]. Electrochemical techniques reveal changes in the
electrical properties of the electrode surface such as resistance and
capacitance [21]. Impedimetric nanosensors are promising due to
their potential for rapid detection of DNA sequences with low cost
and sensitivity [21,22].

On the other hand, biosensors have appeared as an alternative
to easy-to-handle, sensitive and low-cost diagnostic technology
[23,24]. The advantages of the biosensors include the use of small
amount of samples, reduced cost, portability, multiplexing capabil-
ity and scalable for high-throughput applications. However, there
are some issues to overcome such as stability, immobilization of
biomaterials and interfacing of the systems between laboratories
and clinics [25].

The association of metal nanoparticles have yielded nanos-
tructured materials with distinctive properties [26]. Of note, the
improved electroanalytical performance of nanostructured sensors
is attributed to their high conductivity, large surface area, stability
and biocompatibility [27]. In particular, optical, magnetic and cat-
alytic properties of solid surfaces can be improved using magnetite
(Fe304_NPs) and gold nanoparticles (AuNPs) [28-30]. Fe304_NPs
and AuNPs have been used as platforms for the development of
biosensors due to the ability to provide a stable immobilization of
large amount of biomolecules and improvement of the biocompat-
ibility [31,32].

In this work, we reported the construction of new highly
sensitive electrochemical genosensor based on self-assembled
monolayers of mercaptobenzoic acid (AMB) for S. mansoni detec-
tion. Aminated-Fe304_NPs and AuNPs were immobilized on AMB
layers (Fig. 1). To the best of our knowledge this is the first time that
an electrochemical platform is developed for specific detection of
S. mansoni.

2. Experimental
2.1. Materials

S. mansoni samples were provided by the Parasitol-
ogy Laboratory Aggeu Magalhdes Research Center (Recife,
Brazil). All samples were previously characterized using
RT-qPCR. Mercaptobenzoic acid (AMB), gold(lll) chloride
hydrate (HAuCl; e xH;0), (3-aminopropyl)triethoxysilane
(APTES), trisodium citrate, bovine serum albumin (BSA), 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Ammonium hydroxide
(NH40H), potassium ferri- and ferrocyanide were obtained from
VETEC (Brazil). All other chemicals used in this work were reagent-
grade quality and used as received without further purification.
Ultrapure water was obtained from a Millipore Milli-Q system.

2.2. Sample preparation

CSFsamples (1 mL)were obtained by lumbar puncture. CSFanal-
yses were based on cell count, dosage of glucose and protein. In
addition, protein electrophoresis and immunological determina-
tions for others infections were evaluated [10].

Schistosoma DNA and genomic material from cerebrospinal
serum fluid were purified using the illustra tissue and blood
genomic Prep Mini Spin Kit (GE Healthcare, UK) in according to
the manufacturer’s instructions. The thiolated primer was spe-
cific for S. mansoni with the sequence Schfo17 (5'-GTGCTGGT
GGGTTGACGAGTTC-3") [33].

2.3. Synthesis of nanoparticles

Gold nanoparticles were synthesized in according to Frens [34].
A mixture of HAuCl4 and trisodium citrate was obtained. 100 mL
of the first solution (0.01 wt% HAuCl4-H,0) was boiled under vig-
orous stirring in a flask. Furthermore, 2.5 mL of trisodium citrate
solution (1% w/v) was added quickly to the boiling solution, result-
ingin a color change from yellow to red, indicating the formation of
AuNPs. Then, the solution was maintained at boiling temperature
for 10 min.

APTES-modified Fe304_NPs were obtained according to Gan
et al. [35]. Initially, 0.2 g Fe304_NPs were added to 90 mL ethanol.
Subsequently, 2 mL NH4OH (25%) and 300 oL APTES were added to
the previous solution, and stirred overnight. Then, the product was
magnetically separated and washed three times with deionized
water to obtain aminated-Fe304 NPs.

2.4. Electrode modification

The bare gold electrode (BGE) was polished with sandpa-
per and deionized water. Subsequently, BGE was immersed in a
piranha solution for 5min, dried at room temperature and incu-
bated with 2 pL AMB after washing with deionized water. Then,
2 L of equal parts (1:1) of 0.4 M EDC and 0.1 M NHS was added
on the electrode surface for a period of 10 min in order to acti-
vate AMB carboxylic groups. After this, 2 uL aminated-Fe;04_NPs
was dropped on the MBA-EDC/NHS-modified electrode follow-
ing incubation for 10 min. Then, the residual protonated amine
groups of MBA-Fe304_NPs was modified with AuNPs to obtain
(MBA-Fe30,4_NPs-AuNPs) using the same EDC/NHS method. Finally,
thiolated DNA probe was immobilized on the AuNPs surface. Fig. 1
shows the manufacturing process of the MBA-Fe304_NPs-AuNPs-
DNAprobe system. BSA was used in all experiments to avoid
non-specific interactions.

2.5. Hybridization analysis

Target DNA was diluted in 10 mM phosphate-buffered saline
(PBS) solution (pH 7.4) and heated (3 min at 40° C) before the exper-
iments. The hybridization was carried out by simple drop-coating
technique using 2 pL of the target DNA obtained from biological
samples at different concentrations.

2.6. Electrochemical measurements

Electrochemical analyses were performed using a PGSTAT 128N
potentiostat/galvanostat (Autolab, Netherlands) with a three elec-
trode conventional electrochemical cell interfaced with an analyzer
controlled by a computer. All experiments were performed in the
presence of a 10 mM Ky4[Fe (CN)g]*~/K3[Fe(CN)g]?~ solution (1:1)
used as a redox probe. BGE was used as work electrode. Platinum
wire electrode and Ag/AgCl (saturated KCI) were used as auxiliary
and reference electrodes, respectively. Impedimetric assays were
performed at a frequency between 100 mHz and 100 kHz, with
amplitude of the applied sine wave potential of 10 mV. CV analyses
were obtained in the range of potentials between +0.7V and —0.2V
atascanrate of 50 mV s~!. All electrochemical measurements were
performed in triplicate using three different samples (n=3).

2.7. Atomic force microscopy measurements

Topographic analysis of the system were performed through an
atomic force microscope (SPM-9700, Shimadzu Corporation, Japan)
in a noncontact mode in air at room temperature (approximately
25°C) [36]. Cantilevers with a silicon AFM probe (Nanoworld,
Japan, resonant frequency=300kHz, spring constant=42Nm~1)
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Fig. 1. Schematic representation of the surface modification.

were used. The images (512 points per line) were collected with a
scanrate of 1.0Hz in ascan area of 7.0 x 7.0 wm. In addition, images
were obtained and analyzed using AFM Gwyddion software [37].

3. Results and discussion
3.1. Topographic evaluation

Fig. 2a shows MBA modified-BGE surface with the presence of
peaks distributed along of the BGE surface and roughness about
56 nm. Then, after modification of MBA self-assembled layer with
Fe304_NPs and AuNPs, it can be observed the presence of small-
dispersed nanoparticles with a heterogeneous distribution on the
surface (Fig. 2b). Subsequently, DNA probe immobilization results
in a surface roughness of 84 nm (Fig. 2¢), in accordance to previous
results reported in the literature [29,38]. The interaction between
S. mansoni sample and the sensor surface was evaluated and signif-
icant changes in the topography were observed (Fig. 2d). However,
the binding of a non-complementary target does not cause signifi-
cant changes (Fig. 2e), demonstrating the specificity of the sensor.

3.2. Voltammetric characterization

Fig. 3a shows the voltammetric response of the stepwise fab-
rication process of the sensor. Initially, BGE voltammetric curve
showed a characteristic behavior of a process limited by diffusion of
the redox probe. As explained before, BGE was subsequently modi-
fied with MBA, which contains a thiol group enabling its adsorption
on the metal surface and resulting in a self-assembled monolayer
[39-42]. In addition, MBA contains a carboxylic acid functional
group thatallows a covalent bond with modified nanoparticles [43].
A decrease of the anodic and cathodic peaks is observed due to
MBA adsorption. After, MBA carboxylic acid moiety was activated
using EDC/NHS coupling reagents. During the reaction, NHS ester
group replaced the carboxyl group of AMB and, thus, provides an
increase in the current response due to electrostatic interactions
[44]. After immobilization of the aminated-Fe3;04_NPs on MBA-
modified electrode, an additional decrease in the amperometric
electrode response was observed. Subsequently, AuNPs is cova-
lently binding to Fe304_NPs through EDC/NHS (Fig. 3a).

Finally, thiol-modified DNA probe was adsorbed on the
MBA-Fe304_NPs-AuNPs to obtain the biosensor. MBA-Fe304_NPs-
AuNPs-DNAprobe system revealed a decrease in the amperometric
response of the electrode with semi-reversible behavior, since
electron-transfer Kinetics of K4[Fe(CN)g]*~/K3[Fe(CN)g]3~ is per-

turbed by hindrance of the electron diffusion (Fig. 3a). Therefore,
after oligonucleotide immobilization a decrease of the redox probe
penetration is observed. In particular, after hybridization process
with complementary genome a decrease in the anodic and cathodic
peaks was obtained (Fig. 3b) due to the specific interaction. Of note,
the hybridization process on the electrode acts as a mass-transfer
blocking layer and hinders the diffusion of ferricyanide toward the
electrode surface [36,45].

3.3. Electrochemical impedance spectroscopy characterization

EIS technique provides a complete and detailed view of the
electrical characteristics of the electrode/solution interface [36,46].
Fig. 4a shows the Nyquist plots of the stepwise electrode surface
modification. A typical Cole-Cole semicircle with two well-defined
regions containing a higher frequency region characterized by the
electron transfer process and a lower frequency region limited by
the diffusion process was obtained [47]. The BGE shows a very small
semicircle domain (Fig. 4a) implying a very low electron-transfer
resistance (Ret) of the redox probe. After, Ret was increased again
after electrode modification using negatively charged MBA (Fig. 4a).
Then, MBA acts as an electrostatic barrier that hinders the abil-
ity of the redox probe to access the electrode. EDC/NHS activation
and subsequent immobilization of Fe304_NPs and AuNPs provide
an additional Ret increase (Fig. 4). The nanoparticles were immo-
bilized by a simple drop-coating procedure. A new increase in the
Ret was obtained after association between DNA probe and MBA-
Fe304_NPs-AuNPs-modified gold electrode (Fig. 4), indicating an
obstruction of the electron transfer.

The impedance data were fitted to a modified Randles equiva-
lent circuit (inset, Fig. 4a), which includes the solution resistance
(Rsol), electron transfer resistance (Ret), constant phase element
(CPE) and Warburg impedance element (W). Ideally, W and Rsol
represent the bulk properties of the electrolyte solution and dif-
fusion features of the redox probe in solution, respectively. In
addition, W and Rsol components were not significantly affected
by modifications of the electrode surface. CPE value is related to
the ionic charges, surface area, dielectric constant and thickness of
the layer [48]. Ret element depends on the insulating feature at the
electrode/electrolyte interface. In the present study, the changes in
Ret were more pronounced than those in other impedance compo-
nents. Thus, Ret was used for sensing the interfacial properties of
the developed genosensor for all assembly procedures.

The hybridization process was confirmed after successive
blockage of the electron transfer at the sensor surface after
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Fig. 2. AFM images of the stepwise modification process: a) MBA b) MBA-Fe;04_NPs-AuNPs; c) MBA-Fe304_-NPs-AuNPs-DNAprobe; d) MBA-Fe;04_NPs-AuNPs-DNAprobe-
DNA target; e) MBA-Fe;04_NPs-AuNPs-DNAprobe-CSFgenome and, f) MBA-Fe;04_NPs-AuNPs-DNAprobe-negative control.
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Fig. 3. Cyclic voltammograms of the stepwise modification process (a) and CVs at different stages of biorecognition process (b): BGE (—), MBA-Fe304_NPs-AuNPs-DNAprobe
(=), MBA-Fe304_NPs-AuNPs-probe-genome (— ). Cyclic voltammetry scan was initiated at — 0.2V vs. Ag/AgCl in positive direction at 50mVs~'.
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results.

genome recognition. Five different concentrations of complemen-
tary S. mansoni genome (0.5ng L1, 0.25ng L1, 0.62nguL1,
31.3pgpl-1, 156 pgul-! and 7.8 pgL~-1) were tested (Fig. 4b).
A successive increase in the Cole-Cole semicircle is clearly visu-
alized and proportional to the increment of DNA concentration,
suggesting a specific interaction between the sensor and S. mansoni
genome.

) MBA-Fe304-NPs-AuNPs-DNAprobe, (M ) Biosensor-genome (7.8 pg L), (M ) Biosensor-

) Biosensor-genome

Table 1 shows the equivalent circuit parameters of the fitting
curves for all measurements. The obtained results were consistent
with CV curves shown in Fig. 3 and revealed a different response
for each DNA concentration (Fig. 4). After hybridization process, we
observed that the Ret values increased significantly, while a reduc-
tion of CPE values occurred at the same time. Of note, EIS spectra
showed higher Ret values for positive samples than for negative
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Table 1

Values of the equivalent circuit elements from fitted impedance results.
Modified electrode [Genomic target sequence] Rer/kS2 Q/WF n
Bare gold electrode - 0.15 1.63 0.36
MBA-Fe;04_NPs-AuNPs_DNA probe - 0.75 747 0.72
Serum Sample
Genosensor 7.8pgl! 1.08 6.92 0.73
Genosensor 15.6 pg pL! 1.19 6.78 0.73
Genosensor 31.3pgpl! 1.46 4.52 0.78
Genosensor 0.62ng L1 1.55 5.85 0.77
Genosensor 0.25ng uL! 2.02 5.53 0.75
Genosensor 0.5ngpL! 2.70 3.98 0.79
CSF Sample
Genosensor 0.5 pg wL-! 2.09 3.59 0.77
Genosensor 5.0pgpl! 2.22 3.87 0.76
Genosensor 50pg Lt 2.27 3.63 0.78
Genosensor 0.5ngpL! 243 2.98 0.82
Sensor_DNA control negative - 0.72 8.51 0.71

Table 2

Relative charge transfer variation from impedance data.
Condition Before” After! After? After®

Serum Sample CSF Sample

Ret/KS2 0.75 2.70 2.43 0.71
ARet (%) - 260.0 224.0 30.6

Sensor response before interaction with genomic target sequence; 1 — after recognition of complementary genomic target sequence; 2 — after recognition of genomic target
specific from CSF and, 3 — after contact with non-complementary genomic target sequence.

target indicating specific interactions between evaluated probe and
genomic target.

The results presented in Fig. 4 clearly show that DNA probe
was capable to recognize specific genomic target after immo-
bilization as can be seen by the increase of the Ret. The
performance of the modified electrode for detection of S. man-
soni genome was evaluated through the relative variation of Ret
(ARet). This variation can be calculated according to the fol-
lowing equation: ARet(%)=[(Retpg-Retp)/Retp] x 100, where Retp
is the value of the electron-transfer resistance of the MBA-
Fe304_NPs-AuNPs-DNAprobe-modified electrode. Retpg is the
value of the electron-transfer resistance of the MBA-Fe304_NPs-
AuNPs-DNAprobe-genome-modified electrode after exposing it to
contaminated samples.

An impedimetric evaluation was performed for different con-
centrations of S. mansoni genome (Fig. 4b). A linear relationship
between ARet and genome concentration was found and the detec-
tion limit was estimated to be approximately 0.78 pg.iL~! (inset,
Fig. 4b). ARet increases proportionally to S. mansoni genome con-
centration and indicates that the modified electrode can sense the
interactions between the probe and genomic target.

In addition, the selectivity of the biosensor was evaluated
by changes in the Ret response by incubating with comple-
mentary and non-complementary genomic sequences. We used
non-complementary genomic sequence from Leishmaniasis as a
negative control (0.1ngwL~1). The interaction of the biosensor
with a negative control (non-complementary sequence) resulted
in low values of Ret, revealing the selectivity of the bioelectrode.
Two important widespread neglected tropical diseases are schis-
tosomiasis and leishmaniasis. Of note, both parasitic diseases are
associated to high impact in human health in endemic areas and
double infection is not uncommon [49]. In addition, Schistosoma
and Leishmania are important human parasites that share diverse
clinical manifestations. The diagnosis can be difficult for either
of infections and therefore it is important to distinguish between
them [50].

A brief information of these results is given in Table 2, for fixed
concentrations of genomic target sequence. These results demon-
strate that the biosystem retains its capability to recognize specific
target as a clearindication that this system could be used for specific
detection of S. mansoni in clinical samples.

3.4. Detection of S. mansoni in cerebrospinal fluid

As previously explained, we developed a sensor platform capa-
ble of recognizing S. mansoni genome in different biological
samples. Therefore, the biosensor was exposed to cerebrospinal
fluid (CSF) to evaluate its effectiveness to other samples. The sensi-
tivity could be observed by the increase of the Cole-Cole semicircle
(Fig. 5a) with linear relationship between ARet and DNA concen-
tration as shown in Fig. 5a (Inset). After electrochemical analysis
we obtained a correlation coefficient of 0.96. This result indicates
that the interactions between probe and genomic target sequence
can be sensed by MBA-Fe30,4_NPs-AuNPs-DNAprobe system. The
detection limit of 0.685 pguL~! was estimated from the relation
of signal and noise characteristics of these data (S/N=3). Signif-
icant increase in the Ret values were observed after recognition
of positive samples (Table 1). Our detection limits were superior to
previous reports using monoclonal antibodies for specific detection
of S. mansoni [51,52]. Sensitivity was evaluated through a calibra-
tion curve obtained from impedimetric responses after exposure
the genosensor to the target sample. Thus, the sensor platform
showed good sensitivity being able to detect genomic target at low
concentrations of genetic material in CSF.

The filling of the recognition sites (0) can be calculated by
0 =(1 — Rsystem )/Ruybridization» Where Rsystem is the Ret of the biosen-
sor and Ryypridization iS the Ret of the biosensor after exposure to
different concentrations of the genomic target sequence. Fig. 5b
shows a plot of 6 as a function of concentration of the genomic tar-
get sequence. The value of 6 increases with increasing DNA target
concentration and is found to be 0.69 (69%) at 5.0 ng wL1.

The reproducibility of the genosensor using at least three
sensors fabricated independently at the same conditions was
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evaluated and revealed a relative standard deviation (R.S.D.) of
4.2%. The proposed biosensor demonstrated simplicity, selectiv-
ity and sensitivity with 0.685 pg uL~! LOD. In general, biosensors
for schistosomiasis diagnosis are based on antibody-antigen recog-
nition with LOD varying between 1.3 and 360ngmL~! [53,54]
The proposed biosensor is effective with low volume of samples
(2 pL)and assay time of 25 min. Therefore, MBA-Fe304_NPs-AuNPs-
DNAprobe system is a useful platform for the development of
biosensors for specific detection of S. mansoni in different biological
fluids such as CSF and serum based on hybridization process.

4. Conclusion

Impedimetric and voltammetric analysis were used for the
development of a specific biosensor for S. mansoni. The devel-
oped biosensor showed a good performance for determination of
genomic target sequence from S. mansoni with low limit of detec-
tion, specificity and reproducibility. The developed sensor platform
was effective in detecting S. mansoni in different biological fluids.
These results confirmed that this sensing approach provides arapid,
sensitive and convenient way for detection of S. mansoni.
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