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Abstract The authors describe an impedimetric method for
the quantitation of the DNA of the human papilloma virus
(HPV) type 16. A glassy carbon electrode (GCE) was modi-
fied with gold nanosheets and is shown to be superior to a
common gold disk electrode. A single-stranded 25mer oligo-
nucleotide (ssDNA) acting as the probe DNA was
immobilized via its thiolated 5" end on both electrodes. After
hybridization with target (analyte) DNA, electrochemical im-
pedance spectra were acquired in the presence of
hexacyanoferrate as a redox marker. The sensor can distin-
guish between complementary, non-complementary and sin-
gle base pair mismatches of HPV ssDNA. At a 1 mM
hexacyanoferrate concentration, the biosensors respond to tar-
get DNA in the 1 uM to 1 pM concentration range, and the
detection limit is 0.15 pM. The results illustrate that the use of
gold nanosheets on a GCE distinctly improves the detection
and differentiation of HPV compared to using bare gold.
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Introduction

Human papilloma virus (HPV) infection is associated with
cancers such as cervical cancer and sexually transmitted dis-
eases (STDs), especially genital warts and condylomas. There
are 230 papilloma virus classified as being of low, intermedi-
ate and high risk on the basis of their role in the incidence of
cervical malignancy. High-risk genotypes of HPV potentially
lead to the development of cervical cancer, the third most
common cancer among women after endometrium and ovar-
ian cancers in the USA. It is a major cause of morbidity and
mortality worldwide and the second cause of cancer deaths in
women in developing countries. Among 14 high risk types of
HPV, two of them including subtypes 16 and 18, are the most
important high-risk genotypes worldwide which are observed
in 62% of cervical cancers [1].

Up to 93% of cervical cancers are preventable, therefore
their identification are of great importance. HPV cannot be
distinguished through cell culture methods and serologic tests
due to the low sensitivity and specificity. In contrast, molecu-
lar cervical cancer screening technologies including hybrid
capture assay and polymerase chain reaction (PCR) which
are based on the detection of the DNA of viruses are effective
methods to diagnose the HPV infection. However, sample
preparation and purification in these methods are time con-
suming and labor intensive.

In general DNA-based sensors have found numerous crit-
ical applications such as clinical diagnosis, environmental pol-
lution analysis and food safety. Different methods including
mass spectroscopy [2], fluorescence imaging/spectroscopy
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[3] and electrochemical techniques [4] have been developed
over the past decades. DNA-based sensors are basically divid-
ed into two main categories: employing tags for target DNA
(labeling DNA targets) and with no tags (label free) [5].
Common labels utilized for DNA hybridization detection are
fluorescent dyes, redox active enzymes, magnetic particles
and different types of nanoparticles [6]. In a label-free ap-
proach, DNA sensors operate based on the detection of unla-
beled DNA sequences. This can be performed for example by
measuring the signal due to the direct oxidation of DNA bases
or using techniques which are sensitive to changes in the elec-
trical properties of bio-modified electrode surfaces, such as
quartz crystal microbalance, surface plasmon resonance, sen-
sors based on optical properties and electrochemical imped-
ance spectroscopy (EIS) [7].

Among all these methods, electrochemical protocols offer
many advantages over others due to their simplicity, high sen-
sitivity, great selectivity and relative low cost for the detection
of DNA hybridization [8]. As the electrochemical reactions
produce a signal directly and do not need a separate transduc-
er, electrochemical based methods can be applied as a straight-
forward technique for the detection of biological species [9].
Electrochemical DNA-based sensors detect the hybridization
of two complementary pieces of DNA by monitoring of cur-
rent through the electrode. Based on their great advantageous
such as high sensitivity, fast response, simplicity, portability
and lower cost, they have found lots of applications [10].

In this regard, the new horizons rely on the employing nano-
structured electrodes with large surface areas and specific elec-
tronic characteristics. Nanostructures with different composi-
tions, structures and geometries have been employed in various
types of chemical and biological sensors such as identifying
pathogens or DNA of viruses. For example, quantum dots (as
fluorescent tags),silica nanoparticles, gold nanoparticles and
carbon nano-onions have been utilized in DNA biosensors [11].

Employing nanostructures in electrochemical impedance
DNA-based sensors have two main advantages, the first is
improving the impedimetric response that can affect the sen-
sitivity and reproducibility of sensor [5]. In this regards differ-
ent types of nanostructures including carbon nanostructured
diamond and nanotubes, silicon nanoparticles, gold nanopar-
ticles, polymeric nanostructures and nanocomposites have
been used as sensing platform, accordingly. The other advan-
tage relates to the signal amplification via employing
nanomaterials such as quantum dots [5]. In this regards nano-
structures with high active surface area can be applied as elec-
trode for electrochemical impedance sensors that enhance the
performance of the sensor, significantly [12].

Wang et al. reported sensitive detection of human hepatitis
B and papilloma viruses using EIS technique [13] SWCNTs/
Au nanoparticles were used as a platform for the self-
assembly of single-stranded probe DNA. We have compared
the performance of two fundamental categories of electrodes
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employing bulk gold and TiO, nanotube arrays. Also, in order
to confirm the results, we have done numerical simulation on
the mechanism of electrode performance. Results showed that
geometrical and electrical parameters of electrodes can have a
direct effect on the response of sensors [14].

Synthesis and application of gold nanostructures with vari-
ous morphologies have attracted many researchers, due to their
optical, electrical, and chemical properties [15]. For instance,
gold nanostructures have been widely used in plasmonic appli-
cations [16], surface-enhanced Raman spectroscopy(SERS)
[17], and chemical and biological sensing [18].

Among different morphologies of gold nanostructures,
gold nanosheets have interesting properties. They have many
edges and corners and therefore can serve as more active sites
for catalysis compared to spherical nanoparticles [19].

Previously, the high electrocatalytic properties of gold
nanosheet modified electrodes were reported toward oxidation
of some important analytes [20].

Here in this paper, the nanostructured electrode based on
gold nanosheets has been introduced as a platform for DNA-
sensing. The electrochemical impedance response of various
concentrations of complementary HPV target sequence DNA
and non-complementary sequence upon immobilization and
hybridization of HPV DNA on gold nanosheets has been mea-
sured and compared with traditional gold electrodes. The re-
sults show that nanostructured electrode based on gold nano-
sheets has the potential to consider as an electrode in bio-
sensing applications.

Materials and method
Materials

Choline choride (ChCl), gallic acid (GaA), glyserol (Gly),
gum arabic (GA), potassium chloride, K4Fe(CN)yg,
K3Fe(CN)g, ethanol, HCI, KCI, NaCl, EDTA and
Na3;C¢HsO; were purchased from Merck (www.
Merckmillipore.Com).

Tetrachloroauric acid (HAuCly) was prepared by dissolv-
ing 99.99% gold metal in aqua regia (1:3 ratio of conc. Nitric
acid and conc. Hydrochloric acid by volume) at 80 °C under
gentle stirring until the gold metal completely dissolved. The
solution was further boiled until it almost dried and volume-
adjusted to 25 mL and kept as the stock HAuCl, solution.

The buffers used in this work are as follows: DNA immo-
bilization buffer: buffer Tris-EDTA (TE, 10 mM Tris—HCI,
1 mM EDTA, pH 8.0), hybridization buffer: 2x saline-
sodium citrate (SSC,300 mM NaCl, 20 mM Na;C4H50-,
pH 7.0). Electrolyte solution is 0.2 M KClI solution containing
2 mM K4Fe(CN)g/K3Fe(CN)g (1:1). All solutions were pre-
pared in deionized water (DI water).


http://www.merckmillipore.com
http://www.merckmillipore.com
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25-mer ssDNA sequence with HS-(CH,)s-modification at
the 5’-end with HPLC purification (as HPV 16 probe) and all
target oligonucleotides with BIO-RP purification were pur-
chased from Bioneer Corporation (South Korea) (www.
bioneer.com) and were used as-received. Stock solutions
(100 uM) of the DNA sequences were prepared with sterile
distilled water (SD water) and stored at a refrigerator at —20 °C.

Specificity of the oligonucleotide sequences were investi-
gated with Basic Local Alignment Search Tool (BLAST) [21],
the ssDNA sequences designed were as follows:

25-merthiolated sequence of HPV type 16 ssDNA (probe):
5'-SH-AAAGCAAAGTCATATACCTCACGTC-3'.
25-mer sequence of HPV type 16ssDNA (complementa-
ry target):

5'-GACGTGAGGTATATGACTTTGCTTT -3".

25-mer sequence of sSDNA (non complementary target):
5" TTGCAAGACAGTATTGGAACTTACA-3".

25-mer single mismatch sequence of HPV type 16ssDNA:
5'- AACGTGAGGTATATGACTTTGCTTT-3".

Synthesis of gold nanosheets

Gold nanosheets were synthesized from HAuCl, through re-
duction utilizing ChCl/GaA/Gly deep eutectic solvent (DES)
as the reducing and directing, and GA as the stabilizing and
shape-controlling agents, based on the method reported by
Tohidiet al. [20].ChCl/GaA/Gly DES were formed by gently
stirring the ChCl, GaA and Gly at 100 °C until a clear, ho-
mogenous liquid formed after 1 h. The ChCl:GaA:Gly ratio
was 1:0.25:0.25 as reported in the literature [22].

Briefly, in a 100 mL vial, 100 mL ChCl/GaA/Gly DES
solution (0.01% w/v) and GA (1.5 mg mL ') were mixed
under vigorous stirring for 15 min. 1.5 ml of HAuCl, solution
(0.1 M) were added to the above solution with continuous
stirring (500 rpm) under ambient conditions. Large gold nano-
sheets were synthesized after 8 h. The gold nanosheets were
purified by washing with ethanol and DI water through repeat-
ed steps of centrifugation and removal of supernatant. Finally,
the gold nanosheets were redispersed in 1 mL of DI water.

Pretreatment of gold electrodes

Prior to probe DNA immobilization, a gold electrode (GE)
with 2 mm in diameter was cleaned. The electrode was
polished with 0.3 and 0.05 um alumina slurry on a pad to a
mirror like surface, rinsed with DI water and finally cleaned
with ethanol and DI water in a sonicator bath for 2 min. The
polished electrode was dipped into 0.1 M H,SOysolution and
the potential was cycled between —500 and 1000 mV (versus
Ag/AgCl) until the shape of cyclic voltammograms did not
change any more.

Preparation of glassy carbon- gold nanosheet (GC-GNS)
electrode

Glassy carbon (GC) electrode with 2 mm in diameter was
cleaned. The electrode was polished with 0.3 and 0.05 pm
alumina slurry on a pad to a mirror like surface, rinsed with
DI water and finally cleaned with ethanol and DI water in a
sonicator bath for 2 min. After that 2 uL of gold nanosheet
solution was placed onto the electrode surface and allowed to
dry at room temperature for 60 min.

Immobilization and hybridization of HPY DNA

For immobilization of the probe DNA, 2 pL of the thiol mod-
ified oligonucleotide (1 M) in TE buffer (10 mM Tris—HCI,
ImM EDTA, pH 8.0) was placed on the surface of the elec-
trode and after that the electrode were held upside-down in a
beaker. The end of the beaker was sealed with a rubber cap to
protect the solution from evaporation. After the electrode was
kept in room temperature for 2 h, it was washed carefully and
repeatedly with DI water. For hybridization with target DNA,
2 uL of DNA target solution (in various molarity from
1 x10°%to 1 x 10 '2 M) in 2x saline sodium citrate buffer
(SSC, pH 7.0) was contacted with the electrode surface (mod-
ified with the probe DNA) and the electrode were held upside-
down in the beaker. After the electrode was kept in room
temperature for 2h, it was thoroughly rinsed with the 2x
SSC buffer and used for EIS measurement. The electrode for
blank measurements was prepared in the same way as the
other electrodes. The only difference lies in hybridization step,
where the electrode was placed in SSC free of target DNA.

Electrochemical measurements

Electrochemical impedance responses were monitored using a
frequency response analyzer and AUTOLAB PG
STAT302N potentiostat with a conventional three electrode
test cell utilizing Ag/AgCl as a reference and a platinum wire
as an auxiliary electrodes. We perform EIS measurements
with the FRA32M module. The electrolyte was
0.2 M KCI buffered solution containing 2mM K4Fe(CN)g/
K3Fe(CN)g (1:1). All impedance spectra were taken using ac
modulation of 10 mV over the frequency range from 0.05 Hz
to 1 MHz without dc bias with respect to open circuit poten-
tial. All measurements were conducted at room temperature.

Results and discussion
In impedimetric DNA sensors, gold nanostructures were main-
ly used to achieve an amplification of the analytical signal. In

fact, the presence of gold nanostructures on the electrode sur-
face strongly influence the charge transfer process, thus
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increasing the variation of the charge transfer resistance, both
for electrostatic repulsion and for sterical hindrance issues.
Gold nanosheets in comparison with other gold nanostruc-
tures have many edges and corners and therefore can serve as
more active sites for catalysis compared to spherical nanoparti-
cles [19]. Among different sizes of gold nanosheets,
micrometer-sized gold nanosheets have interesting structure
due to the combined properties of their size on a micrometer
scale and thickness on a nanometer scale. Previously, the high
electrocatalytic properties of gold nanosheet modified elec-
trodes were reported toward oxidation of some important
analytes. The high conductivity and sharp edges of the gold
nanosheets are responsible for this electrocatalytic activity [20].
Figure 1a shows the top view scanning electron microscopy
(by VEGA SEM | TESCAN) image of the synthesized gold
nanosheets. Large nanosheets (lateral sizes up to a few micro-
meters) are the main product with low amounts of semi-spherical
nanoparticles. As it has been illustrated in Fig. 1b, AFM profile
line maps (by JPK NanoWizard II AFM) indicates that the thick-
nesses of the gold nanosheets are around ~15-20 nm. Fig. lc
shows the X-ray diffraction (XRD) patterns of gold nanosheets
(by XRD STOE STADI P type (Germany)). The peaks in the
XRD pattern are in excellent agreement with the standard values
of the face-centered-cubic (fcc) lattice of Au [23]. Five peaks of

Fig. 1 a SEM image b Atomic
force microscopy image and
related profile line map analysis, ¢
XRD pattern of synthesized gold
nanosheets and d Cyclic
voltammetry of a GC-GNS elec-
trode and b bulk GE. Inset shows
the cyclic voltammogram of bare
glassy carbon electrode, in the
presence of 0.1 M H,SO,
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(111), (200), (220), (311) and (222) planes of fcc Au can be
observed (20 = 35-100) in the XRD patterns [20].

Electrochemical characterization of GE and GC-GNS elec-
trodes were investigated using cyclic voltammetry technique.
Figure 1d shows the cyclic voltammograms of GE and GC-
GNS in 0.1 M H,SO;, solution. The active surface area were
obtained 8.09 x 1072 cm? and 1.27 x 10" ecm?® for GE and
GC-GNS electrodes, respectively (for details see ESM). It is
clear that active surface of GC-GNS is larger than GE. The
roughness factor of GE and GC-GNS modified electrode are
2.5 and 4.1, respectively (for details see ESM).

Figure 2a and b represent the electrochemical impedance
spectra (Nyquist plots, Z* versus Z”), using [Fe(CN)e]> "* as
redox maker ions, for the bare, probe DNA modified, probe
and MCH modified and the duplex-formed with target DNA
of GE and GC-GNS electrodes, respectively.

As shown in Fig. 2a and b, the diameter of the semicircles
were decreased by immobilization of the probe DNA. The cor-
responding charge transfer resistances (Rct) were dropped
from 320 to 84.92 Q2 for GE and from 770 to 1 2 for GC-
GNS electrode. These changes are basically attributed to the
decreased repulsive interactions (electrostatic) between the re-
dox maker ions and the surface of electrodes by the
immobilized probe DNA; the repulsion impeded the charge
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Fig. 2 Electrochemical impedance a 5000 b 4000
spectra of complementary sequence
hybridization test for a GE and b
GC-GNS under different condition 4000 3000 |
consist of: bare electrodes (@),
electrodes modified with probe [ 3000 g
DNA(V),DNA plus MCH modi- £, ;| 20007
fied electrode (M) and those ob- 2000 '
tained after hybridization with vari- 1000 —e— Bare GE 1000 - —e— Bare GC.GNS
ous target oligonucleotides (¢) Dk —v— GE/probe DNA —v— GC-GNS/probe DNA
# —s— GE/probe DNA/MCH —a— GC-GNS/probe DNA/MCH
0 . ) ) ¢— GE/ds DNA 0l GG-GNS/ds DNA
0 1000 2000 3000 4000 5000 6000 7000 0 2000 4000 6000 8000 10000
() Z'(Q

transfer through the interface [10]. As it has been shown in
these diagrams, the probe functionalized electrode surfaces ex-
posed to the MCH solution have much larger Rt values, with
values of 485.2 Q2 for gold and 1816 €2 for GC-GNS electrode,
respectively. MCH has sever prevention to charge transfer be-
tween electrolyte and electrode surface due to electrostatic and
steric repulsion, therefore the diameter of semicircle was in-
creased significantly [24].The hybridization with fully comple-
mentary DNA sequences increased the diameter of the semicir-
cle, meaning that Rt values was increased by the formation of
the complementary duplex (Rcr = 15472 for GE and

T = 3562€) for GC-GNS electrode). The electrochemical
behavior of the fully complementary duplex appearance is
due to duplex formation would double the negative charge at
the electrode surfaces, and the electrostatic repulsion of the
redox marker ions would increase Rt compared to the probe
DNA alone. The electrochemical behavior of the fully comple-
mentary double strand DNA (ds-DNA) in our study are consis-
tent with previous reports [25].The effect of the immobilization
and hybridization of probe DNA for two electrodes on charge
transfer resistance is summarized in diagrams of Fig. S-1.

To check the specificity of DNA sensing, the measurements
have been repeated by examining the EIS curves under
employing non-complementary sequences (Fig. 3a and b).
The amount changes in Rt values utilizing non-complemen
tary sequence were much lower than complementary sequence
(ds DNA formation). Non-specific adsorption had only a small
effect on this sensing system. The calculated Rt values are
summarized in Fig. S-2.

Considering an experiment with fewer mismatches, another
phenomenon was observed with the single base mismatches.
Fig. 4a and b show Nyquist plots of experiments with a mismatch
at the first part of the ds DNA. Rt values increased a few larger
than fully complementary one due to the hybridization of this
sequence to the probe DNA. It is believed that the presence of
single base mismatches at the beginning of the DNA sequences
may induce a structural distortion of the surface bound ds DNA
[10] and also, it is well known that water molecules make cluster
around mismatched bases in ds DNA to compensate for the loss
of hydrogen bonds [26].The distorted structure of the DNA du-
plex and the presence of lots of hydrations around them is
matched bases may increase the steric repulsion and prevent
approach of [Fe (CN)6]3_/4' ions to the electrode surfaces.

The changes in Rct values after DNA probe immobilization
and hybridization with complementary, non-complementary
and one base mismatch sequence in GC-GNS electrode are
significantly more than GE. These results suggest that gold
nanosheets can remarkably improve the amount of probe
DNA attachment and the sensitivity of detection. The calculat-
ed Rer values are summarized in Fig. S-3.

The sensitivity of the DNA sensors were also investigated
by testing the response of sensors to various concentrations of
complementary oligonucleotides sequences (from 1 uM to 1
pM) with probe oligonucleotides-modified electrode (Fig. 5).
The resulting Ret values increase with increasing concentra-
tion of complementary oligonucleotides sequence. These were
seen directly from the semicircle part of the impedance spec-
trum in Fig. 5a and b.

Fig. 3 a and b Electrochemical a 5000 b 4000
impedance spectra of non-
complementary sequence hybrid-
.. 4000
ization test, bare electrodes (@), 3000 - Val
electrodes modified with probe A~
DNA (V), DNA plus MCH g 3000 g
modified electrode (M) and those i iy 2000 |
obtained after hybridization with " 2000 '
. . . -
various target oligonucleotides & —e— BareGE 1000 " —e— Bare GC-GNS
(). a GE and b GC-GNS 1000 | 7 —+— GElprobe DNA —v— GC-GNS/probe DNA
electrode. 7 —a— GE/probe DNA/MCH —a— GC-GNS/probe DNA/MCH
: od ) . . »— GE/ds DNA o Yl GC-GNS/ds DNA
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000

Z'(Q)

Z'(Q
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Flg. 4 aandb Elecuoghemlcal a 5000 b 4000
impedance spectra of mismatched
sequence hybridization test, bare 4000
electrodes (@), electrodes 3000 -
modified with probe DNA (), 3000
DNA plus MCH modified g ¢}
electrode (M) and those obtained ] 2000 i 2000 -
after hybridization with various '
target oligonucleotides (¢). a GE 1000 Lo Bare GE 1000 | —e— Bare GC-GNS
and b GC-GNS electrode. —v— GElprobe DNA —v— GC-GNS/probe DNA
—s— GE/probe DNA/MCH —a— GC-GNS/probe DNA/MCH
o . . GE/ds DNA ok ) ) GC-GNS/ds DNA
0 2000 4000 6000 8000 10000 12000 0 1000 2000 3000 4000 5000 6000 7000
Z(Q) Z'(Q

Figure 5c illustrates that the variations of Rcr values have a
linear relation with the logarithm of target HPV concentrations
over the range from 1 uM to 1 pM in both electrode types
(GC-GNS and GE). It is clearly observed that the sensitivity of
gold nanosheet electrode is more than GE. Detection limits of
0.65 and 0.15 pM can be estimated for the GE and the GC-
GNS, respectively. They were estimated via Eq. (1):

Y =Sy + 30y (1)

where Sy, is the signal of blank and oy, is the standard deviation
of blank. The reproducibility of the GC-GNS electrode and
DNA probe immobilization were investigated with three in-
dependently prepared electrodes and relative standard devia-
tions (RSD) values were calculated to be 5.6% and 7.1%,
respectively. RSD value of probe modified-electrode was less
than 9% that was calculated by the successive detection of 10
pM of the HPV16 target over three independently probe

modified-electrodes. Besides, the RSD values for GE were
4.2, 6.7 and 7.6% for bare GE, DNA probe immobilization
and probe modified-electrode in the presence of 10 pM of
HPV16, respectively. Slight difference in RSD values of
GC-GNS electrode and GE is due to the electrode preparation
procedure. In the case of GC-GNS electrode, GNSs may form
random morphology on the substrate (GC), so in order to
eliminate the variation of GNSs morphology for multiple de-
tections with different electrodes, the resistance values were
normalized with respect to the electrochemical surface area of
the electrodes. The calculated RSD values are comparable to
other reported values [13].

Also, the repeatability of modified electrodes were evalu-
ated by the analysis of impedimetric responses three times
using the same electrodes where shown as error bars in Fig. 5c.

Table 1 shows comparison of some electrochemical DNA
sensors (based on label as well as label-free detection). As

Fig. 5 a and b Electrochemical a 4000 b 5000
impedance spectra (Nyquist plots)
of bare electrodes (@), electrodes 4000 |
modified with probe DNA (VY), 3000 f
DNA plus MCH modified = ~ 3000
electrode (M) and those obtained g 2000 )
after hybridization with various N N 2000
concentrations of GE GC-GNS electrodd
oligonucleotides(4¢). a GE and b 1000 | —— 1mM 1000 —— 1mM
. —v— 1nM i —+— 1nM
GC—GNS electrode. ¢ A linear re- e 100 pM = 100pM
lation between the ARt and the 0 ) ) ) —1pM 0 ) , ) ) 1PM
logarithm of the target ssDNA 0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000 12000
concentration in both electrodes. Z(© z(©
C 1600
©  GNS/GC modified electrode
1400 4 Gold Electrode
1200
0'1; 1000
y=189.93 x +2435.7
g 800 R2=0.9964
= 600
5 y=36.208 x + 454.06
< 400 R2=0.9982
200 y—*”’/!’/%
0
-200 ; : : .
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seen in Table 1, the suggested sensor has a low detection limit
and wide linear range, comparable to other DNA sensors.

It is believed that high surface area of gold nanosheets and
their specific structures with sharp edges are responsible for
sensitive detection of HPV.

Conclusion

A sensitive electrochemical DNA biosensor was developed
for specific detection of HPV DNA based on GC-GNS mod-
ified electrode. Voltammetry and EIS Responses of GC-GNS
electrode was compared with GE. The studies show that gold
nanosheets can increase the active area and surface roughness
of the gold nanosheet modified electrode and as a result im-
prove the sensitivity of DNA biosensor. The suggested bio-
sensor demonstrated good selectivity with one base pair mis-
match and remarkable detection limit. The biosensor has a
great potential in HPV DNA diagnostics and clinical analysis.
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