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ABSTRACT: Herein, we present a novel, simple, and ultrasensitive
electrochemical DNA (E-DNA) sensor based on hollow carbon spheres
(HCS) decorated with polyaniline (PANI). A thiolated 21-mer
oligonucleotide, characteristic of HBV DNA, is immobilized via electro-
deposited gold nanoparticles on HCS-PANI. Cyclic voltammetry (CV),
differential pulse voltammetry (DPV), and electrochemical impedance
spectroscopy (EIS) are used to characterize the electrochemical properties
of the prepared nanocomposite. Scanning electron microscopy is employed
to investigate the morphological texture of the fabricated modifier. An
enhanced intrinsic signal of PANI is probed to evaluate the biosensing
ability of the prepared modifier. The proposed biosensor allows for the
detection of the target sequences of HBV DNA at a concentration as low as
10 fM (i.e, 10° DNA copies/mL). In addition, this biosensor demonstrated
good capability to differentiate between the perfectly matched target
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oligonucleotide and three nucleotide-mismatched oligonucleotides. Furthermore, the HCS/PANI-based E-DNA sensor
indicates highly sensitive detection of HBV DNA in real samples.
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B INTRODUCTION

Hepatitis B virus (HBV), a serious infectious and widespread
human pathogen, represents a vital health problem throughout
the world. Chronic HBV infection, as a partially double-
stranded DNA virus, has a very high risk of evolving into
hepatocellular carcinoma (HCC)." This virus is widely spread
through the blood and other body fluids. Many HBV markers
have been identified and used in the diagnosis and monitoring
of the disease and its progression. Among them, HBV DNA is
a reliable marker of HBV activity and is detectable within a few
days after infection. High levels of HBV DNA are associated
with a higher incidence of HCC and more rapid progression to
cirthosis.” According to the National Center for Biotechnology
Information (NCBI),” HBV DNA levels can vary from a few to
more than 10° copies/mL in human serum, and they are
usually detected for active infection in serum or blood
samples.4 As the number of infectious people increases, the
demand for highly sensitive diagnostic devices soars. Among
various analytical methods, electrochemical detection assays
have the advantage of being simple, reliable, cheap, sensitive,
and selective for genetic detection.”

Polyaniline (PANI), known as a #-conjugated organic
polymer that features high conductivity, excellent biocompat-
ibility, and controllable nanostructure, has attracted consid-
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erable attention and has shown a great potential application in
the electrochemical biosensing field.”® Despite all of these
features, PANI reveals its conductivity and redox character-
istics only in an acidic medium (pH < 4). Therefore, the loss of
redox activity of PANI in neutral media precludes the coupling
of this conducting polymer to a biological system and leads to
poor selectivity, sensitivity, and detection limit in DNA
sensors.” To overcome this limitation, a variety of approaches
have been reported, including the functionalization of PANI
with acidic functional groups,'® doping it with negatively
charged polymers,'' and also, using metal nanoparticles'” or
carbon nanostructures.”> Each of the proposed methods can
expand the range of polymer applications from a neutral to the
basic pH range. Among the proposed strategies, carbon
nanostructures, due to their supreme electronic transport
properties, extremely high mechanical strength, high specific
surface area, and exceptional thermal conductivity, are a
promising candidate to improve the merit of PANI in the
biosensing field."*
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The diversity of carbonic structures does not end at the
fullerene, carbon nanotubes, and graphene.ls’16 Nowadays, the
fabrication of hollow and porous carbon nanostructures,
produced via carbonization of organic materials, is extensively
progressing. Well-defined pore structures, remarkably high
surface areas, extremely short mass diffusion and transport
resistance, and precisely tuned pore sizes are some highlighted
features of hollow carbon structures.'” Templating is the most
straightforward way to synthesize hollow carbon spheres
(HCSs). Typically, a carbon precursor is coated on a hard
template core, as a shell HCSs are obtained upon the
carbonization and core removal.'® In this regard, the carbon
precursors play a key role in the physicochemical properties of
the resulting carbon framework composition. Taking advantage
of strong and versatile coating capability, dopamine, as a
biomolecule that contains catechol and amine functional
groups and can simply self-polymerize at alkaline media and
spontaneously deposit on virtually any surface, shows excellent
performances in the preparation of carbon-coating materials.'”

Numerous works on a PANI-based electrochemical DNA
sensor have been introduced in recent years. Daunomycin,”’
methylene blue,”’! hexacyanoferrate,22 3,3',5,5'-tetramethylben-
zidine (TMB),” ruthenium hexamine,”* and I-naphthyl
phosphate™ are some of the common indicators, which have
been used for DNA detection on this polymeric structure.
Using such a redox indicator in one independent step would
impress the simplicity of the detection procedure, biosensor
fabrication, and make these methods more laborious and time-
consuming.

In the present work, a thin layer of PANI is synthesized on
hollow carbon nanoparticles, which are used as an eflicient
modifier with an improved electron transfer rate and high
surface area properties. This novel substrate satisfies the
constraint of polymer application in neutral metrics. Even-
tually, the detection of the HBV DNA marker is performed by
stabilizing the thiolated-probe DNA on gold nanoparticles
(GNPs) decorated on HCS-PANI nanostructures, following
the intrinsic redox peak of the PANI peak. A nanoporous layer
is successfully used for the ultrasensitive detection of DNA in
human plasma samples.

B EXPERIMENTAL SECTION

Chemical and Reagents. Dopamine hydrochloride (DA)
(Merck), tetraethylorthosilicate (TEOS) (99.0%, Sigma-Aldrich), 6-
mercapto-1-hexanol (MCH) (Sigma-Aldrich), ethanol (Sigma-Al-
drich), ammonium hydroxide (28.0%, Sigma-Aldrich), aniline (99.5%,
Sigma-Aldrich), tris(2-carboxyethyl)phosphine (TCEP) (Sigma-Al-
drich), potassium chloride (KCl) (Sigma-Aldrich), potassium nitrate
(KNO;) (Sigma-Aldrich), magnesium chloride (MgCl,) (Sigma-
Aldrich), ammonium persulfate (APS) (Sigma-Aldrich), potassium
ferrocyanide (K ,Fe(CN)g) (Merck), potassium ferricyanide (K;Fe-
(CN)s) (Merck), phosphoric acid (H;PO,) (Sigma-Aldrich), hydro-
chloric acid (HCI) (Sigma-Aldrich), sodium hydroxide (Merck), and
human serum albumin (HSA) (Iranian Blood Transfusion Organ-
ization) were all used as received. Gold bullion (99.9%) was dissolved
in Aqua Regia and diluted with 0.1 M HCI to form a gold stock
solution (5 mM). Milli-Q water (182 MQ cm™) was used
throughout the experiments.

For our studies, we employed the following sequence as our
electrochemical DNA (E-DNA) “probe”, which was purchased from
Bioneer (Daejeon, Korea) and ascribed as the HBV probe, 5'-OH-Cg-
(8-S)-(CH,)s-GAG GAG TTG GGG GAG CAC ATT-3'. As the
target oligonucleotides for this biosensor, the following unmodified
DNA strands were used, complementary (Com), 5’-AAT GTG CTC
CCC CAA CTC CTC-3'; noncomplementary (NC), 5'-AAC GTG
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TGA ATG ACC CAG TAC-3’; and mismatch target (MT) (3MT),
§’-AAT GTG GTC CCC GAA CTC GTC-3".

Apparatus. All electrochemical measurements were carried out
using a Potentiostat/Galvanostat (AUTOLAB 204N) and a Metrohm
Unit 757 VA Computrace instruments (Metrohm, Herisau, Switzer-
land) system. A conventional three electrode configuration consists of
a glassy carbon working electrode (GCE, 2.0 mm diameter), an Ag/
AgCl/KCl (3.5M) reference electrode, and a Pt wire counter
electrode was used for testing the DNA assay. The experimental
solutions were degassed with nitrogen for at least 600 s prior to the
electrochemical investigations. In the differential pulse voltammetry
(DPV) method, the modulation amplitude was S0 mV, the step
potential was 6 mV, and the apparent scan rate was 15 mV s~', in the
range potential of —0.6 to 0.6 V.

Synthesis of HCSs. Typically, the synthesis of the polydop-
amine—silica (PDA-silica) composite is carried out using silica
nanoparticles, produced from a known Stober method,*® as the
template. In the subsequent step, self-polymerization of DA, as a
carbon precursor, is performed under the basic condition.'” Recently,
Noonan and co-workers,”” reported the production of silica-PDA
composite nanospheres under the modified Stober conditions. In this
regard, by shortening the usual synthetic time, not only the possibility
of simultaneous silica-PDA synthesis is provided, but also the
improvement of the final production’s structure in mesoporous
format is achieved. Briefly, a solution containing EtOH, DI water, and
NH,OH was mixed under vigorous stirring. Then, 2.8 mL of TEOS
was added dropwise. After 30 min, DA was added, and the mixture
was stirred at room temperature for 12 h. The resulting dark brown
precipitate was rinsed with water and ethanol and collected by
centrifugation before drying overnight in a 60 °C oven. To convert
the PDA to nitrogen-doped carbon, the silica-PDA composite powder
was carbonized under an N, atmosphere at 800 °C for 5 h with a
heating rate of 5 °C min™". After that, silica cores were removed by
dispersing the composite particles in 1 M NaOH solutions at 30 °C
for 24 h, followed by being centrifuged and dried at 60 °C. Finally, the
obtained hollow carbon spheres were denoted as HCS.

Preparation of PANI-Coated HCS (HCS-PANI). The growth of
PANI on the surface of HCSs was performed by the oxidative
polymerization of aniline in the presence of HCSs, as previously
reported in the literature by Zhao.”® Typically, 30 mg of HCSs was
dispersed in 20 mL of HCl aqueous solution (2.0 mol/L) under
sonication for 10 min and was followed by the addition of a small
portion of aniline (30 xL) while stirring gently. After being stirred for
30 min, ammonium persulfate, as an oxidizing agent, was added in
two steps. In the first step, ammonium persulfate was added with a
ratio of 1:4 (ammonium persulfate: aniline). After 30 min, the ratio
was increased by 4:1, and the color of the mixture changed to dark
green. The polymerization of aniline in the presence of HCS was
allowed to proceed at room temperature (25 °C) for 12 h. The
products were collected by repeatedly centrifuging and washing with
deionized water and ethanol and dried in a 60 °C oven. The obtained
HCS-PANI composite is supposed to form a uniform core—shell
structure (HCS@PANI).

Electrode Modification and Sensor Fabrication. The
electrode modification was carried out in two steps, including
transferring the synthesized HCS-PANI on the electrode surface,
followed by electrochemical deposition of GNP for trapping the DNA
probe via Au—S bond formation. In brief, prior to sensor fabrication,
glassy carbon electrodes (GCEs, Azar electrode, Urmia; diameter 2
mm) were cleaned both mechanically (by polishing on a fine-grain
sandpaper (1200 grit) until a mirror-like finish was obtained) and
electrochemically (by cycling in PBS for 10 scans in the potential
range of —0.2 to 1.0 V (scan rate 0.1 V s7'), until reproducible
voltammograms were obtained). In the next step, a desired amount of
HCS-PANI composite was casted on the surface of a GCE using
ambient temperature for homogeneous drying, followed by drying in a
50 °C oven. Subsequently, electrochemical deposition of GNPs was
performed at —0.2 V for 200 s by dipping the HCS-PANI/GCE in 0.1
M KNOj; containing 1 mM HAuCl,. The final electrode was named as
Au/HCS-PANI/GCE.
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E-DNA sensors were prepared by applying the following procedure.
First, the linear DNA probes were reduced through incubation in
freshly prepared 0.5 mM TCEP solution for 1 h, at room temperature
in the dark. After that, the solution was diluted to a final concentration
of 10 uM (PBS of pH = 7.0, containing 0.1 M MgCl,). Then, 10 uL
of the DNA probe was dropped on the surface of Au/HCS-PANI/
GCE. After DNA immobilization, the electrode surface was backfilled
with MCH (2 mM) for 30 min to remove, followed by being rinsed
with ultrapure water and stored in buffer for future use.

B RESULTS AND DISCUSSION

Structural Analysis of HCS and HCS-PANI via Infrared
Spectroscopy. An FT-IR technique was used to investigate
the chemical composition of the synthesized compounds. As
shown in Figure 1A, the presence of Si is displaced with a

A

Figure 1. (A) The FT-IR spectrum of (a) PDA-coated SiO,
nanoparticles (SiO,@PDA), (b) HCS, and (c) HCS-PANI (B)
EDX spectrum of (a) SiO,@PDA and (b) HCS. (C) SEM of (a)
Si0,@C, (b) HCS, (c) HCS-PANI, and (d) Au/HCS-PANI, in two
different magnifications of (a, b, ¢, d) 500 and (a’, b’, ¢/, d’) 200 nm.

strong peak expanded in a wide wavenumber range from 1020
to 1140 cm™', which is related to the asymmetric vibration of
SiO,, stretching vibrations of Si—OH groups, and the Si—O—Si
symmetric tensile (spectrum a). The appearance of the
characteristic peaks of dopamine, including 1206 cm™ for
C—0 and 1581 and 1491 cm™" for the resonance vibration of
C—C in the ring of benzene and scissor vibration of N—H,
confirms the stabilization of PDA on the surface of SiO,
nanospheres (spectrum a). Also, overlapping of the character-
istic peaks of SiO, nanoparticles and PDA are observed in this
spectrum. Subsequently, by the carbonization of the polymeric
structure and removal of SiO, (Figure 1A,b), most of the
characteristic bands of organic groups are disappeared,
confirming that the PDA groups are successfully carbonized.
Also, disappearance of the band in 1100 cm™ suggests
successful removal of SiO, from the structure. Finally, after the
polymerization of aniline, the structural peaks of PANI are
shown in Figure 1A,c. The bands at 1133, 1298, 1493, and
1571 cm™" are related to the stretching vibrations of N=Q=
N (Q_is quinoneoid ring), stretching vibration of C—N, and
stretching vibration (C=C) of the benzoyl and the quinoneide
rings.29

Morphological Characterizations of HCS and HCS-
PANI using Scanning Electron Microscopy (SEM). The

morphological structure of various synthesized samples was
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studied using scanning electron microscopy (SEM). The
morphology of the carbonic framework before and after
dissolution of the silica template is displayed in Figure 1C. As
expected, all globes exhibit an uniform spherical morphology
similar to the primary silica core with a particle diameter of
about 100 nm (Figure 1C,a). After removing the silica
template, the hollow character of HCS is clearly manifested
by the presence of open windows on the external surface of
HCS (Figure 1C,b). The agglomeration of these HCSs
occurred through the strong bonding of the neighboring
nanoparticles during the polymerization of dopamine. The
thickness of this carbonic layer is estimated to be between 20
and 30 nm. In the presence of PANI (Figure 1C,c), the
morphology of the HCS-PANI compounds is approximately
the same as the HCS structures, only the outer surface
becomes rougher. All the carbon beads are completely covered
by a thin layer of PANI and form a core—shell structure
(HCS@PANI). This layer has a thickness of about 20 nm, and
most windows are wrapped up with this polymeric shell. After
the electrodeposition of GNPs on the surface of the HCS-
PANI nanocomposite, a rock-shaped GNP forms on the
surface of these spherical structures, which produces a
thickness of about 90 nm (Figure 1C,d). At each stage of
the deposition, a surface coating with a high surface area is
created for further deposition and eventually for immobiliza-
tion of a biological layer. The excellent removal of SiO, can
also be proven based on the energy-dispersive X-ray (EDX)
spectrum in Figure 1B. As can be seen, after the carbonization
and dissolution of Si (Figure 1B,b), the percentage of Si is
significantly reduced, and the percentage of C is remarkably
increased.

Electrochemical Properties of Modified Electrodes
HCS, HCS-PANI, Au/HCS-PANI. Cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) techniques
were used to investigate the electrical features of the modified
electrodes. Initially, the microscopic surface area of bare GCEs
as well as GCEs modified with the synthesized nanostructures,
including HCS, HCS-PANI, and Au/HCS-PANI, was
calculated using the CV at different scan rates of potential in
0.1 M KCl solution containing an 1 mM [Fe(CN)4]>~* redox
probe. As shown in Figure 2A, by modification of the electrode
surface with a synthesized material at different stages, the
observed current increases significantly, which can be related
to the intrinsic properties of these nanostructures, including
high conductivity and high surface area.
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Figure 2. (A) CVs and (B) Nyquist plots of (a) GCE, (b) HCS/
GCE, (c) HCS-PANI/GCE, and (d) Au/HCS-PANI/GC in 0.1 M
KCl containing 1 mM [Fe(CN)4]*~/*". Scan rate was 0.1 V 57!, and
the frequency range was between 100 kHz and 10 mHz.
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For a reversible electrode process, the Randles-Sevcik eq (eq
1) is used to compute the active microscopic surface area of
the mentioned modified electrodes

I, = (2.69 x 10°)(n**)AC,D"*»'"? 1)

where I, is the equivalent peak current, n is the number of the
transferred electrons, A is the active electrode surface area, D is
the diffusion coefficient, C, is the concentration of redox
species, and v is the scan rate. The microscopic area of the
electrode surface is obtained from the slope of I,, versus o'/?
graph (considering n = 1 and D = 7.6 X 107% cm?/s). The
results show a multiplier increase in the surface area of the
modified electrode relative to the bare electrode (Table S1).

On the other hand, EIS was used for the investigation of the
interfacial properties of the electrode/electrolyte. Figure 2B
illustrates the Nyquist plot of 1 mM [Fe(CN)s]>~/* at the
surface of four different electrodes. In the Nyquist diagram, the
low-frequency region is associated with the mass transfer
limitations (Warburg impedance), and the high-frequency
region is related to the kinetic resistance of the electrochemical
reaction at the electrode/electrolyte interface. As can be seen, a
semicircle with relatively large diameter is observed at the
surface of the GCE. With further modification of the electrode
surface with the synthesized nanostructures, including HCS,
HCS-PANI, and Au/HCS-PANI, the corresponding semi-
circular diameters are reduced, respectively. The results show
an enhanced electrode kinetics at the surface of the modified
electrodes.

Electrochemical Behavior of Various Modified Elec-
trodes in Phosphate Buffer Solution. The inherent
properties of PANI, such as doping and its oxidation level,
will certainly affect its electrochemical properties. As
mentioned earlier, the use of carbon structures is a promising
way to modify PANI for use in a neutral media. For carbonic
samples covered with PANI, as shown in Figure 3, a wide pair
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Figure 3. (A) GCE (a, b, ¢) (B) HCS/GCE (a/, b/, ¢’), and HCS-
PANI/GCE (a”, b”, ¢”). (a) CVs at the scan rate of 0.05 V s, (b)
CVs at the scan rate of 0.1 V s7', and (c) differential pulse
voltammograms. (C) Voltammograms of the stability test of the HCS-
PANI-modified GC electrode with a 0.0S M phosphate buffer
solution. Scan rate was 0.1 V s™%,

of redox peaks arises from overlapping two redox processes,
and those obtained in acidic conditions (Figure 3B,a"b"c")*°
are observed. The CVs for the naked-GCE (Figure 3A,a,b,c)
and the modified electrode with HCS (3B,a’,b’,c’) are also
presented. The results clearly show that, with this modification,
the conducting polymer can maintain its redox activity in
neutral matrices. In addition, the electrochemical response of
PANI maintains its repeatability and sustainability through
multiple potential cycles (Figure 3C). This excellent stability of
the PANI film in the neutral pH range is a basic requirement

2590

for its practical application in electrochemical biosensing and
bioengineering applications.

In the next step, the effect of the potential scan rate (in the
range of 25—350 mV s™') on the voltammetric behavior of the
prepared modified electrodes was assayed. The corresponding
voltammograms at the surface of HCS-PANI/GCE and Au/
HCS-PANI/GCE (in phosphate buffer solution of pH 7.0) are
shown in Figure S1A,B, respectively. As can be seen, PANI
exhibits its electroactive characteristic by displaying its redox
peak in the range of —0.6 to 0.6 V. The linear correlation
between the logarithmic curve of the anodic and cathodic peak
currents versus the logarithm of the scan rate with a slope
equal to 0.5 indicates a diffusion-controlled process (ion
movement into/from the solution from/into the modifier
film). Also, a relatively fast charge transfer process at the
interface of the polymer-modified electrode with electrolyte
solution can be concluded.

After the electrodeposition of gold nanostructures on the
surface of HCS-PANI/GCE, the prepared electrode was
subjected to a similar test to examine the changes in the
peak currents. As it is shown in Figure S1C,D, by deposition of
AuNPs, the current increases. Thus, it can be concluded, that
the surface area is increased, the rate of electron transfer is
improved, and the ion penetration toward the surface is
facilitated. As a result, these GNPs with a high surface area
provide a suitable platform for the immobilization of ssDNA.

Analysis of DNA/Au/HCS-PANI/GC Electrode in
Phosphate Buffer Solution. The electrochemical behavior
of the modified electrode in the presence of the ssDNA probe
strand was investigated. As is shown in Figure S2, in the
presence of negatively charged biomolecules, which make a
barrier against the ion penetration and electron transfer
reaction for electroactive substances with similar charges, the
current is decreased.

Optimization of Effective Parameters on Hybrid-
ization. The effects of some important experimental factors,
such as temperature and incubation time, on the response
characteristics of the fabricated biosensor were investigated.
The incubator temperature is one of the most important
parameters, which can impress the interaction of two strands of
DNA. Exposing the biosensor to an inappropriate temperature
can result in an incomplete interaction or destruction of DNA
strands. The effect of incubation temperature on the current
difference (compared to the control current) was studied
between 25 and 65 °C. As shown in Figure S3A, after being
incubated with a 10 pM target and increasing the temperature,
the current response of the biosensor is enhanced (AI
increases). However, by increasing the temperature higher
than 4S °C, the current response is decreased (AI decreases),
which means that increasing the temperature to 45 °C has a
positive effect on the biosensor response. It is possible that the
DNA structure on the electrode is damaged at higher
temperatures. Therefore, a temperature of 45 °C was chosen
as the optimum value for further studies.

On the other hand, since the interaction of the target
sequences with the surface DNA probes is a time-consuming
process, finding the optimal time has a considerable effect on
the response sensitivity of the biosensor. As a result, the
biosensor was placed in a 10 pM solution of the HBV DNA
complementary target for various times from 10 to 60 min. As
shown in Figure S3B, the difference of the electrochemical
current response increases up to 40 min and eventually reaches
a constant level, indicating the surface saturation of the

DOI: 10.1021/acshiomaterials.8b01520
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modified electrode at this time. Therefore, 40 min was selected
as the optimal incubation time for the appropriate interaction
of the surface-confined DNA and the HBV DNA target.
Analytical Investigation of DNA/Au/HCS-PANI/GCE in
[Fe(CN)6]3_/4_ Solution. The response of the modified
electrode was evaluated using [Fe(CN)4]>™# as an external
standard probe for monitoring the presence of the probe DNA
and its subsequent interaction with the target DNA, under the
optimum condition. As shown in Figure 4A, due to the
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Figure 4. (A) CVs and (B) Nyquist diagrams of Au/HCS-PANI/
GCE in the presence of (a) ssDNA and in the presence of
complementary strands with a concentration of (b) 1 and (c) 100 pM,
in 0.1 M KCl containing 1 mM [Fe(CN)éP’/“’. Frequency range was
between 100 kHz and 10 mHz.

presence of the polyanionic macromolecule (DNA), the
anionic redox probe is effectively repelled from the surface of
the electrode. The rate of the electron transfer is lowered, and
a significant displacement of the redox peak potential is
observed. In the following, the current response continues to
decrease with increasing the concentration of HBV DNA from
1 to 100 pM complementary strand. Increasing the amount of
R, during various stages of the surface modification with DNA
proves that ssDNA probes have been successfully immobilized
and then hybridized at the surface of the modified electrode
(Figure 4B). Values for R, and R; are listed in Table S2.
Performance of Biosensor in Detection of Various
Concentrations of HBV. To evaluate the practical applic-
ability of the proposed method, the Au/HCS-PANI-modified
electrode was subjected to different concentrations of
complementary HBV under the optimum conditions. The
oxidation peak current versus HBV DNA concentration is
plotted in Figure 5. The obtained peak currents are reduced by
increasing the concentration of the complementary HBV
strands. As a result, the DPV peak current of PANI shows a

4 6

AT (pA)=0.8829 logC (M) +13.17 R*=10.9878
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Figure S. (A) Background-subtracted differential pulse voltammo-
grams of biosensor after exposure to different concentrations of HBV
from 0.01 pM to 1 nM (from a to g, a is a control sample). (B) The
corresponding calibration curve of the current difference (AI) versus
the logarithm of the concentration.
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linear relationship (eq 2) with the logarithmic concentration of
HBYV in the range of 10 fM to 1 nM, with a detection limit of
3.62 fM (in terms of S/N = 3). The biocompatibility of this
modifier can be attributed to two main factors. (1) The Au/
HCS-PANI modifier not only provides a favorable environ-
ment for maintaining the activity of the biofilm but also
increases the capacity of loading DNA probes on the electrode
surface, due to providing a high surface area for the biosensor.
(2) The Au/HCS-PANI modifier on the electrode surface
provides a thin film with relatively high electrochemical
activity.

AI = 0.8829log C (M) + 13.17 (R* = 0.9878) (2)

The hybridization process and alternation of the electro-
chemical parameters can also be considered from another
perspective. Since PANI on the surface of the hollow carbon
nanoparticles can maintain its electrochemical activity in the
phosphate buffer, changes in the interfacial properties between
the modified electrode and electrolyte were investigated using
the EIS technique in the buffer solution. As shown in Figure
6A, the HCS-PANI nanocomposite exhibits very little charge
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Figure 6. Nyquist plots of (A) (a) HCS-PANI and (b) Au/HCS-
PANI. (B) Nyquist plots of Au/HCS-PANI/GCE in the presence of
(a) ssDNA at (b) 1 and (c) 100 pM of the complementary HBV
strand. (C) Bode plots of Au/HCS-PANI (a) ssDNA and various
concentrations of (b) 0.01, (c) 0.1, (d) 1, (e) 10, and (f) 100 pM of
the complementary HBV strand. (Inset) Corresponding calibration
curve and equivalent circuit in the frequency range between 100 kHz
and 100 mHz.

transfer resistance (R.,), which is lowered in the presence of
GNPs. This is good evidence for fast kinetics of electron
transfer in the presence of metallic nanomaterials. On the other
hand, increasing the slope of the linear part of this diagram
(Figure 6A) in the Au/HCS-PANI sample (a) compared to
HCS-PANI (b) refers to facilitating the penetration of ions
into the structure and highlights a remarkable role of GNPs in
reducing the mass transfer resistance for ion diffusion.
Subsequently, in the presence of the DNA probe and HBV
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Table 1. Comparison of the Characteristics of the Proposed Electrochemical Biosensors for Detection of HBV DNA

electrode technique redox species linear range LOD
GNR/GE* Ccv [Co(phen);]** 1 pM—1 uM 2 pM
GQD/GCE* DPV [Ee(CN)4 3"+ 10—500 nM 1 nM
paper electrochemical sensor®® ASV Ag NPs 1 pM—1.5 nM 85 pM
MNP/GNP/CPE*’ EIS MB 1 pM—10 nM 0.31 pM
hemin/G-quadruplex DNAzyme*®/GE DPV TMB 10 pM—10 nM 0.5 pM
PABA/GCE* DprvV Au NPs host—guest recognition 0.4 pM—4 nM 0.3 pM
GE*® ACV MB-DNA 1 fM—1 nM 5 M
CHIT-CNE-PGE*' DPV guanine oxidation 16—3.2 uM 1.74 uM
GE" DPV GON-Ag NPs 10 fM—10 nM 7.6 tM
GE® DPV MB 10—700 aM 2.6 aM

RCA

SWCNT/GNP* EIS [Fe(CN)4 37+ 1 aM—1 uM 1 aM
GE® CA RuHex 100 pM—0.1 uM 100 pM
PICA-MWNT/GCE" cv PICA 10 fM—$ pM 2 fM
Au NRs-GO/GCE" DPV MB 10 fM—1 nM 3.5 M
Au/HCS-PANI/GCE (this work) DPV PANI 0.01 pM—1 nM 3.62 M

DNA target with different concentrations (Figure 6B), the
charge transfer resistance on this film is slightly increased. In
addition, in the mass transfer region of the Nyquist plot
(considering the effect of the two factors, including slope and
frequency range for the Warburg region), the slope of the line
is gradually decreased (toward the Zg, axis) due to prevention
of ion diffusion on the modified electrode surface. These
results can be considered as a good reason for reducing the
current, as shown in Figure 5.3

For a better clarification, a Bode plot, in which the absolute
value of Z was depicted against the logarithm of frequency in
the range of 100 kHz to 0.1 Hz, is shown in Figure 6C. During
the addition of a target HBV DNA, the impedance value of Z
shows the maximum change at a frequency less than 1 Hz. This
effect can be explained by the equivalent circuit defined for the
above system (Figure 6C, inset). In this circuit, R, represents
the electrolyte resistance, the internal resistance of the
electrode, and the resistance of all connections and wires.
represents the electron transfer resistance of the modifier layer,
and C, represents the capacitance for the double-layer formed
at the electrode surface. At very high frequencies, where the
double-layer capacitance of the electrode surface is not
substantially charged, the capacitance associated C, is very
small, and all curves have impedance values close to R,. When
the frequency decreases, the capacitive impedance is increased
as the capacitor of electrode surface layer is charged. Also, the
changes in the impedance values (Z) between the curves
increase and reach a maximum at 0.1 Hz. At frequencies less
than 0.1 Hz, the low frequency noise in the modifier is very
high, which causes the impedance signal to fluctuate and make
results unreliable.”” The changes in impedance amplitude were
plotted against the logarithmic concentration of the comple-
mentary HBV strands at 0.1 Hz. As can be seen, the amplitude
of the impedance increases by increasing the concentration of
the target strand, according to eq 3.

AZ (kQ) = 4599.7log C (M) + 72822 (R*> = 0.9894)
3)

The minimum detectable concentration (LOQ), 10 fM, is
equivalent to 10° copies/mL of this HBV target sequence and
can claim that the proposed method can be applied for
identification of HBV DNA levels in the serum of patients
before seroconversion.™
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Table 1 briefly compares the characteristic performance of
the present work with other previous reports for the
electrochemical determination of HBV DNA. A significant
sensitivity and low detection limit for the target DNA highlight
the advantage of the proposed biosensor. In addition, the
simplicity of this method, without using expensive, complex,
and time-consuming label techniques and incorporating an
external redox probe, makes it more interesting in the field of
biosensing. Moreover, contamination of biological interface
and surface samples by an outer indicator create unwanted
interference in DNA detection, which can be avoided in the
proposed method. In this regard, the use of an intrinsic surface
probe as a hybridization indicator can be cited as the unique
advantage of the fabricated biosensor.

Moreover, the reported biosensors based on using an
inherent redox peak of the surface confined modifiers, as a
characteristic peak for monitoring some biological, are indexed
in Table S3. Compared to previous reports, the proposed
modifying layer provides comparable advantages, such as low
detection limit and the appropriate concentration range, which
makes it suitable for analyzing various target biomolecules.

Evaluation of Selectivity and Reproducibility of DNA/
Au/HCS-PANI/GCE. Selectivity is one of the most important
benefits of using biological molecules as a recognition layer in
biosensors. The evaluation of the selectivity of the proposed
biosensor was assayed using different types of DNA strands,
including a noncomplementary strand and a mutated one, in a
concentration of 100 pM of the target DNA. As it is obvious in
Figure S4, the tendency of the probe DNA to the
complementary strand is significantly more favored than the
mutated one.

The inter- and intra-assay were performed to estimate the
repeatability and reproducibility of the biosensing system. Four
biosensors were prepared independently to detect the target
DNA with a concentration of 100 pM. The relative standard
deviation (RSD) for these four parallel-prepared biosensors
was 6.6%. Each biosensor was measured repetitively six times,
and an RSD of 1.37% was achieved. These results provided an
acceptable performance of the modifier and the developed
method in the presented measurements.

Bioassay Application in Real Samples. Biomedical
usability of a biosensor in real samples compared to the
buffered media, without reducing its efficiency, is an important
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factor in the clinical field. In this regard, the biosensor was
examined in an 1% solution of human blood plasma without
any additional processing steps and in the presence of the
selected concentrations of the complementary HBV sequence.
As seen in the inset of Figure SSA, the intrinsic electrochemical
response of the modifier at the surface of Au/HCS-PANI/
GCE, under the optimum temperature and after being exposed
to 1% plasma solution for 90 min, shows a slight change, which
refers to the stability of the response in this complex media.
Also, measurement of the different concentrations of the HBV
DNA complementary strands (from 0.1 pM to 1 nM) offers
comparable sensitivity (eq 4), with the calibration curve in
pure buffer solution (without any interfering agents) (Figure
SSB).

AI = 0.618log C (M) + 11.54 (R* = 0.9848) (4)

B CONCLUSION

In this study, the construction of an efficient and highly
effective electrochemical biosensor composed of the biocom-
patible nanocomposite materials, Au/HCS-PANI, was intro-
duced and applied for a sensitive detection of the HBV DNA
marker. Owing to the high efficiency of electron transfer and
high surface area of the proposed modifier for DNA detection,
and based on the effect of the DNA immobilization and
hybridization on the characteristic peak of PANI, a biosensor
with high sensitivity, selectivity, and acceptable reproducibility
was presented. Also, the evaluation of the proposed method
showed that this biosensor has high capability for being used in
complex biological matrices and can be used as an acceptable
method for the detection of cancer-related biomolecules.
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