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Abstract The rapid progress of nanomedicine, especially in
areas related to medical imaging and diagnostics, has motivat-
ed the development of new nanomaterials that can be com-
bined with biological materials for specific medical applica-
tions. One such area of research involves the detection of
specific DNA sequences for the early diagnosis of genetic
diseases, using nanoparticles-containing genosensors. Typical
genosensors devices are based on the use of sensing electrodes
— biorecognition platforms - containing immobilized capture
DNA probes capable of hybridizing with specific target DNA
sequences. In this paper we show that upon an appropriate
design of the biorecognition platform, efficient sandwich-
type genosensors based upon DNA-AuNPs nanocomplexes
can be efficiently applied to the detection of a Systemic Arte-
rial Hypertension (SAH) polymorphism located in intron 16
ofthe Angiotensin-converter enzyme (ACE) gene. Since SAH
is intimately related to heart diseases, especially blood hyper-
tension, its early detection is of great biomedical interest. The
biorecognition platforms were assembled using mixed self-
assembled monolayers (SAM,ix), which provided the immo-
bilization of organized architectures with molecular control.
Detection of the DNA target sequence at concentrations down
to 1 nM was carried out using electrochemical impedance
spectroscopy (EIS). We show that the use of EIS combined
with specific nanobiocomplexes represents an efficient
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applications.
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1 Introduction

The use of biomolecules-functionalized nanomaterials, or
nanobioconjugates, has attracted great attention in medical
areas as efficient materials for diagnosis and therapy (Davis,
Zuckerman et al. 2010; Heidel and Davis 2011). These nano-
bioconjugates have been used, for example, as biosensors and
for drug delivery (Sinha, Kim et al. 2006; Bonanni and del
Valle 2010; Dykman and Khlebtsov 2012), contrast in imag-
ing diagnostics (Hellebust and Richards-Kortum 2012), pro-
tein immobilization (Lee, Park et al. 2002), markers for target
cell and cancer treatment (Kennedy, Bickford et al. 2011), and
recognizing and extracting cancerous cells (Garnica-Garza
2009; Geng, Song et al. 2011), in which both the nanomaterial
and the biomolecule can mimic the required biological condi-
tions (Sinha, Kim et al. 2006; Laurent, Forge et al. 2008;
Scarberry, Dickerson et al. 2008; Nel, Maedler et al. 2009;
Dykman and Khlebtsov 2012; Elsaesser and Howard 2012;
Hellebust and Richards-Kortum 2012; Kanwar, Sun
et al. 2012).

According to Chittimalla et al., gold nanoparticles conju-
gated with DNA can be applied in nucleic acid-based thera-
pies for the delivery of genes to target tumor cells after the
nanocomplex is injected into the blood circulation
(Chittimalla, Zammut-Italiano et al. 2005). Moreover, Sato
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et al. showed that these nanocomplexes can also be applied in
advanced diagnostic systems for the detection of a single base
mismatch by using temperature control during the process of
nanoparticle aggregation (Sato, Hosokawa et al. 2003). These
strategies have also been considered attractive for develop-
ment of molecular diagnostics devices, capable of determining
genetic predisposition to pathologies (Davis, Zuckerman et al.
2010). Despite their extensive application in several research
fields, molecular diagnostics are expensive and often inacces-
sible (Nohaile and Dechairo 2009). There is still a need to
develop new low-cost platforms with better efficiency
and specificity.

Genosensors based on electrochemical detection show
promise in this area. These analytical devices may exhibit
low-cost, high specificity and sensitivity, and can be applied
for the early detection of genetic diseases (Kerman, Kobayashi
et al. 2004; Sassolas, Leca-Bouvier et al. 2008). Bonanni et al.
reported the detection of the DNA polymorphism correlated to
cystic fibrosis in screen-printed carbon electrodes using an
electrochemical device (Bonanni, Isabel Pividori et al.
2009). In a recent study, Civit et al. showed the simultaneous
detection of multiple human papillomavirus (HPV) DNA se-
quences, in which the sensors demonstrated high detection
efficiency (Civit, Fragoso et al. 2012).

To obtain the highest possible efficiency using DNA de-
vices, an important factor to be considered is the orientation of
the molecules immobilized on the electrode. It has been dem-
onstrated, for example, that orientation of DNA may be
achieved upon using mixed self-assembled monolayers
(SAM,,ix) (Gebala and Schuhmann 2010). The self-
organization between the DNA molecules and the mixed sur-
face that is promoted by the SAM,,,;x permits removal of the
DNA strands that are adsorbed nonspecifically, resulting in an
interface with well-oriented molecules (Schwartz 2001;
Mendes, Carvalhal et al. 2008; Gebala and Schuhmann
2010; Campuzano, Kuralay et al. 2011; Cancino and
Machado 2012).

Systemic Arterial Hypertension (Mukhtar and Jackson
2013) (SAH) is a disease characterized by the persistence of
blood pressure values above the defined normal range. SAH is
an independent risk factor for many other diseases. In fact,
blood hypertension is considered to be a syndrome that pro-
motes hemodynamic alterations, trophic and metabolic disor-
ders, dyslipidemia, insulin resistance, microalbuminuria, and
the deregulation of coagulation factors (Katsi, Marketou et al.
2012; Mukhtar and Jackson 2013). Moreover, SAH is inti-
mately related to several heart diseases such as coronary, ce-
rebrovascular, renal and vascular diseases. Some studies have
indicated that approximately 30 % of the world’s population
may present with this disease by 2025 (Boing and
Boing 2007).

Here, we report an electrochemical genosensor that com-
bines the attractive properties of nanomaterials with the
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organization features exhibited by SAM,,;;x platforms as an
innovative approach that shows considerable promise for di-
agnosis. The key goal of our studies was the fabrication of a
genosensor device capable of detecting a specific DNA se-
quence related to a SAH polymorphism that is located in in-
tron 16 of the ACE gene, which codes for the angiotensin I
converting enzyme on locus 17q23. The devices were assem-
bled via the combination of a mixed self-assembled monolay-
er (SAM,,,;x) and a sandwich architecture comprising a capture
probe, the target DNA and a report probe DNA conjugated
with gold nanoparticles (Scheme 1). We have analyzed and
compared two different methods for immobilization of the
mixed self-assembled monolayers by monitoring the electro-
chemical impedance response. Additionally, we have synthe-
sized and characterized a nanocomplex formed by conjugat-
ing a DNA report probe with the gold nanoparticles (AuNp-
DNA nanocomplexes) used in the genosensing steps. To the
best of our knowledge, genosensor devices for Systemic Ar-
terial Hypertension diseases have not been reported in the
literature.

2 Experimental section

Materials Gold chloride solution, polyamidoamine
(PAMAM) generation 4 dendrimer, 2-mercaptoethanol,
HSCH,CH,OH (ME), trizma hydrochloride (Tris—HCI), eth-
ylene diamine tetra-acetic acid (EDTA), sodium phosphate
monobasic, sodium phosphate dibasic, ethidium bromide so-
lution, potassium hexacyanoferrate (III) (K3;[Fe(CN)s]), ace-
tone solution, ethanol solution, potassium hydroxide and
formic acid solution were purchased from Sigma—Aldrich
(Brazil) and used without purification. Ultrapure water
(18.2 MQ2 cm) produced using a Millipore Milli-Q system
was used to prepare all aqueous solutions. All oligonucleo-
tides were synthesized by Invitrogen (Life Technologies), and
identified as capture, target and report probes. Their sequences
are listed in Table S1 in the supporting information.

2.1 Instrumentation

i) Gold nanoparticle and AuNP-DNA nanocomplexes
synthesis A Corning PC-410 magnetic stirrer was used for
gold nanoparticle synthesis and for the conjugation of these
nanoparticles with oligonucleotides modified for the detection
of the SAH polymorphism. The UV—vis absorption spectra of
gold nanoparticles and nanocomplexes were measured using a
Hitachi U-2900 spectrophotometer. Fourier Transform Infra-
red Spectroscopy (FTIR) measurements were performed on
silicon wafers with a Nicolet 6700 FT-IR from TQ Analyst
equipped with an MCT detector and OMINC software. The
spectra (4000-400 cm™ ') were collected from 200
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Scheme 1 Scheme of hybridization in a sandwich format comprising the capture probes (before first hybridization), DNA target probes (after first
hybridization), and reporter probes functionalized with gold nanoparticles (AuNP-DNA nanocomplexes) (after second hybridization)

transmission scans with 4 cm ™' resolution. There were no
corrections applied to the spectra, and they were analyzed
using GRAMS/AI 7.00 software (©Thermo Galactic). The
dynamic light scattering (DLS) and Zeta Potential () exper-
iments were conducted using a Zetatrac from Microtrac Inc.,
using 3 scans that were 180 s long for both measurements.
Statistical analyses of the size of the gold nanoparticles were
performed using Image J software, a public domain software
developed by the National Institutes of Health, NIH, USA. ii)
Electrochemical measurements: Electrochemical measure-
ments were carried out during the detection step by using six
gold electrodes (Au electrodes) that had a geometric area of
0.03 cm?. A Pt foil (2 cm? geometric area) and Ag/AgCl
(saturated with 3 mol L' KCI) electrode were used as auxil-
iary and reference electrodes, respectively, and were
employed in all experiments in a conventional borosilicate
three-electrode one-compartment electrochemical cell with a
PTFE cover. Electrochemical experiments were performed
using a PGSTAT40 Autolab electrochemical system (Eco
Chemie, Utrecht, Netherlands) equipped with PGSTAT-12
and GPES / FRA 4.9 software (Eco Chemie, Utrecht, Nether-
lands). Electrochemical impedance spectroscopy (EIS) mea-
surements was carried out in 0.1 M PBS (containing 150 mol
L' NaCl) buffer solution, pH 7.4, that contained 5 mM po-
tassium hexacyanoferrate (I1I) (K5[Fe(CN)g]) under a frequen-
cy range of 10 KHz to 0.1 Hz with an amplitude of 0.01 V. The
EIS spectra were represented as Nyquist plots (=Ziy, Vs. Z;e).
iii) Confocal microscopy: The images of the genosensor as-
sembly were obtained using a confocal microscope from
Nikon Instruments Inc. Images were taken using ethidium
bromide (EB), which intercalates with nitrogenous DNA ba-
ses, as the fluorescent probe.

2.2 Procedures

i) Gold nanoparticle synthesis Gold nanoparticles were ob-
tained by the precipitation method, which consisted of the
addition of 1.0 mmol L™ gold chloride (HAuCly) and formic
acid (CH,0,) solutions (10 % v/v) to a 0.7 mmol L'

PAMAM-NH, aqueous solution under constant agitation. ii)
Synthesis of Report AuNp-DNA nanocomplexes: An aliquot of
1.5 mL of gold nanoparticles was rinsed twice with ultrapure
water to remove any residual PAMAM-NH, followed by re-
suspension in 700 puL of ultrapure water. The complexation
started by adding an oligonucleotide solution of the report
probe (5.8 pmol/uL), which was eluted with 1X TE buffer
(containing 10 mM Tris—HCl and 0.1 mM EDTA). The com-
plexation solution was kept under constant agitation at 4 °C
overnight. iii) Preparation of SAM,,;. on gold surface
electrodes: The gold electrodes were cleaned being placed in
an aqueous solution with 66 % H>O, and concentrated ace-
tone (2:1 vA). The electrodes were washed in ultrapure water
and ultrasonicated in an ethanol solution for 10 min to remove
impurities. Afterwards, they were dried using compressed ni-
trogen gas. The surface modification of the Au electrodes with
the SAM,,,;x was performed by immersing the electrodes in a
mixture of 0.12 mM 2-mercaptoethanol and 2 uM capture
probe overnight. The electrodes were washed in ultrapure wa-
ter to remove non-adsorbed molecules and then used in the
electrochemical experiments. Three electrodes were produced
for each modification, which had been analyzed by electro-
chemical impedance spectroscopy during all steps of the mod-
ification process using K5[Fe(CN)g] as a probe. iv) Hybridi-
zation with target and report AuNP-DNA nanocomplex
probes: The genosensor interface was constructed using a
SAM,,ix containing a thiolated capture probe DNA and a
spacer thiol, 2-mercaptoethanol. The DNA target was detected
by hybridization using a sandwich format composed of the
capture and DNA target probes and a reporter probe function-
alized with gold nanoparticles (Scheme 1). The hybridization
process occurred in two steps. The first hybridization was
conducted by immersion of the SAM,,;,-modified electrodes
in a 0.26 nM oligonucleotide solution of the target probe that
was heated to 54 °C for 10 min. The electrodes were then
cooled to room temperature and rinsed with PBS buffer to
remove the excess of non-adsorbed molecules. After the first
hybridization, the electrodes were submitted to a second hy-
bridization with nanocomplexes (AuNP-DNA
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nanocomplexes) and heated to 54 °C for 10 min. Afterwards,
the electrodes were again cooled to room temperature and
rinsed with PBS buffer. The hybridization processes were
monitored by electrochemical impedance spectroscopy. Con-
focal microscopy imaging of the electrodes was used to char-
acterize the distribution of the molecules at the Au surface.

3 Results and discussion

3.1 Characterization of the report AuUNP-DNA
nanocomplexes

From the DLS analysis (Fig S1 in Supporting Information), it
was determined that the average diameter of the gold nano-
particles without functionalization was approximately
11.0 nm with an average deviation of +0.5 nm. This size
was also estimated using the transmission electron microsco-
py (TEM) images of the nanocomplexes (Fig S2 in
Supporting Information). Statistical analysis of the TEM im-
ages was conducted using 100 particles, and the average par-
ticle size measurement was 11.0 nm with an average deviation
of +0.43 nm. The nanoparticles exhibited a zeta potential of +
160.3 mV, which was attributed to the presence of protonated
amino groups from PAMAM-NH, dendrimer used in the syn-
thesis. In contrast, the DLS analysis of the AuNP-DNA
nanocomplexes (Fig S3 in Supporting Information) showed
an average size of 18.4 nm with an average deviation of
+0.9 nm. This distribution was expected because of the 25
bases in the DNA sequence complexed with the gold nano-
particles. Synthetic DNA has a slight twist featuring the Z
shape (Rich and Zhang 2003), which decreases the space be-
tween the turns and the DNA bases. It is expected that the
combination of DNA, which has a negative surface charge,
with the PAMAM-NH, dendrimer would decrease the zeta
potential of the nanocomplexes. The latter was confirmed by
zeta potential measurements, revealing a decrease in the po-
tential values from 160.3 to 51.2 mV. However, even with this
large reduction, the nanocomplexes remained stable because
potentials above 40 mV add to the stability of these com-
pounds (Doane, Chuang et al. 2012).

UV-vis spectra were collected during different steps of the
complexation process, as shown in Fig. 1.

The absorption spectra of the gold nanoparticles were as-
sociated with the plasmon band, which depends on the size
and shape of the nanoparticles (Wang 2005; Orendorff, Sau
et al. 2006; Gao and Tang 2011; Panchapakesan, Book-
Newell et al. 2011). Colloidal Au nanospheres (3—100 nm)
have an absorbance in the range of 510-570 nm (Liu, Atwater
et al. 2007). Figure 1 depicts the UV—vis spectra of the gold
nanoparticles with the absorbance peak at 524 nm. Nucleic
acids, DNA and RNA exhibit a strong absorbance in the
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region between 240 and 275 nm, due to the pyrimidine and
purine rings of the nitrogenous bases (Schmid 2001). The
UV-vis spectrum of the DNA (Fig. 1a) showed an absorbance
at 260 nm. The solution spectrum from Fig. 1b exhibited the
absorbance of the gold nanoparticles at 531 nm and the DNA
at 260 nm. After centrifugation, the pellet spectrum continued
to exhibit the bands of the nanoparticles (531 nm) and the
DNA (260 nm), which was an indication that the DNA was
conjugated with the nanoparticles. In this case, DNA mole-
cules are too small and lightweight to precipitate alone. Addi-
tionally, the absorption band from gold nanoparticles was
shifted from 524 to 532 nm upon complexation with the
DNA (Fig. 1b), which is evidence of complexation. Moreover,
the supernatant spectrum (Fig. 1b) showed lower absorption
intensities compared to the re-suspended pellet spectrum, in-
dicating that an excess of DNA was used for complexation.
To investigate the interactions occurring between DNA and
the AuNPs, FTIR spectra were collected from gold nanopar-
ticles without functionalization, pure DNA and AuNP-DNA
conjugates. The spectra are shown in Fig. 2. In the spectrum of
the gold nanoparticles, the band at 3273 cm ™' corresponds to
symmetrical and asymmetrical stretching from NH, groups
from the PAMAM stabilizing layer. The bands at
1565 cm ', 1652 ¢cm !, are assigned to doublet C = O
stretching and deformation N-H/stretch C-N in amides of the
interior of PAMAM (Colthup, Daly et al. 1990). The band at
1630 cm ! that appears in the DNA spectrum is associated
with amine groups (Colthup, Daly et al. 1990; Mady,
Mohammed et al. 2011) present in the nitrogenous DNA ba-
ses. The bands at 1059 and 1038 cm ' are typically assigned
to the vibration of ribose (C-C sugar) (Mady, Mohammed
et al. 2011) or associated with sulphite groups (Colthup,
Daly et al. 1990) which were found in modified phosphate
groups in the DNA (=S = P). The band at 1223 cm™ " is related
to the antisymmetric stretching vibration of the phosphate
groups (PO*") (Mady, Mohammed et al. 2011). The band at
1065 cm™" in the nanocomplex spectrum, which is probably
related to the combination of bands at 1059 and 1038 cm ™
from DNA, appears broader in the nanocomplex, which is
indicative that interactions between DNA and AuNPs oc-
curred (Colthup, Daly et al. 1990; Mady, Mohammed et al.
2011). Another indicative of the interactions between DNA
and AuNPs comes from the antisymmetric vibration of PO*~
(1223 cm™ ") from pure DNA, which changed in both position
and intensity after DNA complexation (1231 cm ).
Real-time polymerase chain reaction (PCR) is a technique
often used to amplify DNA using a DNA polymerase and
fluorescent probes in real-time (Estalilla, Medeiros et al.
2000; Xiang, Benson et al. 2001; Chen, Pan et al. 2011). It
has been reported that a combination of capillary sequencing
and real-time PCR using gold nanoparticles identified several
DNA variations in significant regions of human genomic
DNA that are associated with age-related diseases (Chen,
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Pan et al. 2011). To investigate the extent of a specific conju-
gation process between the gold nanoparticles and DNA, the
nanocomplexes were submitted to real-time PCR, which was
performed with control primers and AuNP-DNA
nanocomplexes. The amplification cycles can be found in
Fig S4 in the supporting information. The fluorescence spec-
trum correlates the amplification cycles with the fluorescence
units produced during the amplification of template DNA.
The SYBR curve (black line) is a baseline factor used in the
fluorescent reaction. The intersection of the spectra with the
baseline indicates that the amplification reaction of the
template DNA has started. The amplification cycles re-
vealed that, at a concentration of 0.30 uM, the
nanocomplexes were more efficient to induce amplifica-
tion than the control primers. The reaction with
nanocomplexes (red line) started at cycle 25.6, while

200 300 400 500 600 700 800
Wavelenght (nm)

200 300 400 500 600 700 800

Wavelenght (nm)

the control primers started the amplification at cycles
27.7 (gray line) and 29.5 (blue line). The analyses were
performed using the CFX Manager ™ software from
BIO-RAD.

3.2 DNA detection via electrochemical impedance
spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) has been
used to monitor genosensor devices using the electron
transfer resistance (R, that takes place during the DNA
hybridization (Lisdat and Schaefer 2008). This detection
is only possible because the molecule that forms a film
on top of the surface electrode modulates the electro-
chemical environment of the interface, which can be
detected in the form of changes in the capacitances or

Fig. 2 FTIR spectra of pure
DNA, gold nanoparticles without
functionalization and AuNP-
DNA nanocomplexes in a
transmission standard. The
spectra (4000400 cm ') were
collected without applying
corrections to the spectra from
200 transmission scans with

4 cm ! resolution and analyzed
using the software GRAMS/AI
7.00 (OThermo Galactic)

*PAMAM

DNA

AuNp-ThiDNA

Transmission normalized

Gold Nanoparticles \/ "

Complex ————~

€l2¢e

2S9
G961

€2ch

0€9l

8¢0}

lzee
0S9)
[5x4
G901}
€96

4000

3500

]
3000 2500 2000 1500 1000

Wavenumber (cm -1)

@ Springer



3 Page 6 of 9

Biomed Microdevices (2015) 17:3

A - Hybridization without nanocomplex
(a) s00
® DNA + ME (SAM_ )
500 * DNA target - 1% hybridization R
2™ hybridization without nanocomplex
N
400 F °s
o ® A
g ® A
300 F o A
\C-:/ L4 AA
o ®a
@ LN
£ 200 F o n
N o® a4
1 .. A
100 } MA
O | G

0 100 200 300 400 500 600 700 80
Z_(Qcmd)

real

Fig. 3 Nyquist plots from the modified electrodes during the
hybridization processes using target and nanocomplex probes. In both
cases, red symbols are the signal from the capture DNA + ME-modified
electrode. The first hybridization of the target DNA on the modified
electrode is represented by blue symbols. The last step (green symbols)

the charge-transfer rates (Chang and Park 2010). More-
over, electrostatic interfacial repulsion and steric hin-
drance between charged free-diffusing redox species
and the charges of the DNA phosphate backbone were
able to change the electrode interface and consequently
change the resistances and capacitance during detection
(Bonanni, Isabel Pividori et al. 2009; Gebala, Stoica
et al. 2009).

The Nyquist plots at each step of the genosensor are shown
in Fig. 3 and were obtained during the hybridization processes
using target and nanocomplex probes. The EIS measurements
were carried out at 0.40 V using an AC perturbation voltage of
0.01 V in the frequency range from 0.1 Hz to 10 kHz in a
buffer solution (PBS, pH 7.4) containing 5 mM [Fe(CN)e> ™
“. Significant differences occurred in the electron transfer re-
sistances in the genosensor experiments in the presence or
absence of the nanocomplex (AuNPs-DNA), as shown
in Fig. 3.

Figures 3a and b reveals that after the first hybridization of
the target DNA on the DNA + ME-modified electrode (cap-
ture probe) an increase in the R occurred (blue curves in
Fig. 3a and b) (Gebala and Schuhmann 2010; Cancino and
Machado 2012). The latter was expected since the hybridiza-
tion promotes the immobilization of more DNA molecules,
increasing the blockage imparted by the recognition layer.
However, a more significant difference was observed after
the hybridization of the report DNA (second hybridization —
green line) on the modified electrode. After hybridization of
the report probe without AuNPs (Fig. 3a — green line), a sig-
nificant increase in the R, was observed at the high frequency
region of impedance plots, implying in a blocking behavior
for [Fe(CN)s]> 7 reaction. In contrast, the hybridization of
the report probe containing the AuNPs (Fig. 3b — green line), a
decrease in the resistance (R.;) was observed, as a result of the
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are the second hybridization of the report DNA on the modified electrode
using (b) or not (a) the nanocomplex. AC perturbation voltage of 0.01 V
in the frequency range from 0.1 Hz to 10 kHz in a buffer solution (PBS,
pH 7.4) containing 5 mM [Fe(CN)s]*

electron transfer facilitated by the presence of the
conducting AuNPs.

When the target DNA was immobilized on the capture
DNA + ME electrode surface, a second layer was formed,
and the negatively charged phosphate groups of the target
DNA structure generated electrical repulsion towards the neg-
atively charged redox marker, inhibiting the interfacial charge
transfer process and resulting in an increase in R.. In this case,
the charged phosphate groups of the target DNA structure
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Fig. 4 Nyquist of the genosensor collected after incubating the
electrodes with various AuNP-DNA nanocomplex concentrations
(second hybridization). Before each EIS measurement the modified
electrode (capture probe) was allowed to interact with the target DNA
sequence at a fixed concentration of 0.26 nM. After this first
hybridization, the electrodes were subjected to the different
concentrations of the AuNP-DNA nanocomplex as indicated in the
figure. AC perturbation voltage of 0.01 V in the frequency range from
0.1 Hz to 10 kHz in a buffer solution (PBS, pH 7.4) containing 5 mM
[Fe(CN)J"
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overlapped with the positive charges of the protonated hy-
droxyl groups from the ME SAM,;;, surface, and, consequent-
ly, the charge-transfer resistance increased from 142 to 259 €2 -
after the first hybridization (Fig. 3a) - and from 159 to 203 2
(Fig. 3b).

A particular advantage of using the nanocomplexes
on the probe was demonstrated in the second hybridiza-
tion (hybridization of the report probe). After comparing
the detection results for the systems with and without
the AuNPs-DNA nanocomplex, one may observe that
the maximum value of the real part of the impedance,
Z.ca1, for the nanocomplex probe system in Fig. 3b was
298 €, in contrast to the values found for the

genosensor electrode without the AuNPs-DNA
nanocomplex (Fig. 3a), which had a charge-transfer re-
sistance R, of 576 €.

EIS measurements were carried out using different target
DNA concentrations, and the results are shown in terms of
electron transfer of [Fe(CN)s]> according to the amount
of target DNA (supporting information Fig S5). The charge
transfer resistances after the first hybridization increased as a
function of target concentration, revealing that detection of the
target DNA is dose-dependent for the range of 1 to 40 nmol
L', The limit of detection for this target DNA detection was
calculated to be 0.17 nmol L™ with correlation coefficients
(R) of 0.9607.

Fig. 5 3D confocal images of a gold electrode exposed to ethidium
bromide after modification with a SAM,,;;x containing the capture probe
DNA and 2-mercaptoethanol (ME). The images were acquired after the

first hybridization with the target DNA (a) and after the second
hybridization with the AuNP-DNA nanocomplexes (b)
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The influence of the amount of DNA-AuNPs report
probe on the electrochemical response of the genosensor
was also evaluated and a limit of detection of
0.038 nmol L' and correlation coefficient (R) of
0.9299 were found. In this case, a DNA + ME modified
electrode (capture probe) was allowed to interact with
the target DNA sequence — at a fixed concentration of
0.26 nM. After this first hybridization of the target
DNA on the electrode, the platform was incubated with
different concentrations of the AuNP-DNA nanocomplex
(report probe) and the correspondent Nyquist plots ap-
pear in Fig. 4.

Two distinct characteristics can be observed for the
genosensor containing the AuNP-DNA nanocomplex. In the
low concentration range, from 0.22 to 1.31 nM, the electron
transfer resistance (R increased with increasing concentra-
tion of the AuNP-DNA nanocomplex. This was expected be-
cause the AuNP concentration is low, and no percolation oc-
curred, meaning that the blocking effect imparted by hybrid-
ization surpass the influence of the AuNPs on the conductivity
of the system. The AuNP-DNA complex was probably
present in a concentration below the percolation thresh-
old. For concentrations of AuNP-DNA nanocomplex
above 1.72 nM, the amount of AuNPs in the report
probe was sufficient to reduce R, especially for con-
centrations of 2.21 nM, indicating that electron transfer
occurred from the solution to the electrode surface. The
latter indicated that for these sandwich-type genosensors
based on AuNPs-DNA nanocomplex, performance
would be improved when concentrations above 1.7 nM
of the report probe is employed.

3.3 Confocal imaging of the genosensors platforms

The stepwise building of the genosensor combined with
EIS and the observed changes in R, represent an effi-
cient strategy for DNA hybridization detection. Howev-
er, a confirmation of the formation of the complemen-
tary DNA sequence is important, especially when two
other hybridizations were involved. Confocal microsco-
py was carried out at each step related to the DNA
hybridization detection, using an ethidium bromide
marked DNA, as described in the experimental section.
The confocal images are shown in Fig. 5.

The confocal image taken after the first hybridization with
the target DNA (Fig. 5a) shows that the target DNA is well
distributed on the islands formed by the capture DNA probes.
After the second hybridization with the AuNP-DNA
nanocomplexes (Fig. 5b) the system exhibited a “bowling
pins” morphology, corresponding to the sandwich format. Ad-
ditionally, the second hybridization occurred with a minimum
of observed nonspecific interactions compared with the bare
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Au surface (supporting information Fig S6) and the first
hybridization.

4 Conclusions

We described a sensitive genosensor for Systemic Arterial
Hypertension predisposition using the intercalation of suitable
DNA and AuNP-DNA nanocomplex probes in combination
with EIS. An innovative combination regarding the use of
SAM,,,ix —composed by a short ME alkanethiol molecule
and the capture DNA probe allowed the formation of island-
type morphology that contributed to the charge transfer effects
related to the detection method using EIS. Such island struc-
ture allowed a better spacing among the DNA probes, facili-
tating the second hybridization with the target DNA. Success-
ful DNA amplification by control primers and a nanocomplex
control were performed using real-time PCR analysis. The
EIS results revealed a less inhibition of the redox species
and a high sensitivity when the analysis was performed using
the AuNP-DNA nanocomplexes. Our strategy represents an
efficient method for the unambiguous detection of comple-
mentary DNA hybridization for preventative diagnosis of Sys-
temic Arterial Hypertension (SAH).
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