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ABSTRACT: DNA detection sensitivity can be improved by carefully controlling the texture of the sensor substrate, which was
normally investigated on metal or metal oxide nanostructured platform. Morphology effects on the biofunctionalization of
polymer micro/nanoelectrodes have not been investigated in detail. To extend this topic, we used graphene oxide (GNO) as the
supporting material to prepare graphene-based polyaniline nanocomposites with different morphologies as a model for
comparing their DNA sensing behaviors. Owing to GNO serving as an excellent support or template for nucleation and growth
of polyaniline (PANI), PANI nanostructures grown on GNO substrate were successfully obtained. However, if GNO supporting
was absent, the obtained PANI nanowires showed a connected network. Furthermore, adjustment of reaction time can be used
for dominating the topographies of PANI−GNO nanocomposites, meaning that different reaction times resulted in various
formations of PANI−GNO nanocomposites, including small horns (5 and 12 h), vertical arrays (18 h), and nanotips (24 h). The
next-step electrochemical data showed that the DNA electrochemical sensors constructed on the different morphologies
possessed different ssDNA surface coverage and hybridization efficiency. Compared with other morphologies of PANI−GNO
nanocomposite (5, 12, and 24 h), vertical arrays (18 h) exhibited the highest sensitivity (2.08 × 10−16 M, 2 orders of magnitude
lower than others). It is can be concluded that this nanocomposite with higher surface area and more accessible space can
provide an optimal balance for DNA immobilization and DNA hybridization detection.

KEYWORDS: nanostructured material, graphene oxide, polyaniline, differential pulse voltammogram, ssDNA surface coverage,
hybridization efficiency

■ INTRODUCTION

Over the last several years, the electrochemical detection of
nucleic acids has been a popular research topic in diseases
diagnosis.1 At the same time, many nanostructured materials
(such as nanowires, nanotubes, and nanoparticles) were
adopted to fabricate working electrodes, and those works
demonstrated that nanostructuring affects the biosensors’
capability, owing to their outstanding conductivity, high surface
area, and stability.2 It has been widely known that superior
surface area and high conductivity are essential conditions for
enhancing sensing behaviors, especially sensitivity.3 For
example, Kelley’s group conducted a series of detailed
experiments based on Pd nanostructured microelectrodes to
explore the interlink between the degree of nanostructuring of a
sensor surface and the detection limits toward biomolecu-

lars.2,4,5 Then, they found that the improved detection limit
came true when the probe DNA (pDNA) was immobilized on
a finely nanostructured electrode surface.2 In addition, different
nanostructured coating materials also can be used to tune
sensitivity.6 Besides other metal nanoparticles, metal oxide
nanoparticles, such as zirconia oxide (ZrO2), have also been
used to construct nanostructured microelectrodes for the
sensitive DNA electrochemical detection.7 Based on graphene
oxide (GNO) and ZrO2, our group prepared two kinds of
electrochemically reduced graphene oxide (ERGNO) and ZrO2

hybrids, especially one-step (ZrO2−ERGNO) and stepwise
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(ZrO2/ERGNO), and compared their hybridization efficiency
(HE) for DNA sensing. The results were similar to those
reported by Kelley’s group. The nanostructured ZrO2−
ERGNO owned better nanostructure and a larger specific
surface area than those of microstructured ZrO2/ERGNO,
which enhanced accessibility during pDNA immobilization and
hybridization, hence a higher HE.8 However, the morphology
effect of the nanostructured polyaniline (PANI) on sensing
behaviors has not yet talked about directly, although it has been
widely adopted in DNA detection.9−15 The DNA biosensor
based on the PANI nanotube array could attain similar
sensitivity compared with other DNA biosensors that use
gold nanoparticles or carbon nanotubes as the substrate.16 To
the best of our knowledge, the morphology effect of varied
polyaniline nanostructures on sensitivity of DNA sensors has
not yet been studied in detail or directly reported.

Recently, studies exploring novel functional and structural
polyaniline nanostructure were focus on the hybrids based on
graphene, a novel two-dimensional (2D) nanomaterial.17−21 A
series of approaches, for instance, in situ electropolymeriza-
tion,22 simultaneous chemical polymerization,23,24 and direct
mixing of preobtained graphene and PANI,25 have been
adopted to construct nanocomposites using graphene and
PANI as the starting materials. Our group took self-doped
polyaniline nanofibers intercalated into GNO nanowalls via
sonication for highly sensitive and simultaneous detection of
bases.26 In addition, we adopted one-step electrochemical
synthesis to obtain the reduced GNO and poly(m-amino-
benzenesulfonic acid) nanocomposite, rGNO−PABSA, serving
as a favorable sensing platform for biomolecule immobilization,
especially DNA. It was worth noting that a dramatic
improvement in the sensitivity for determination of target

Figure 1. Effect of nanostructure on sensitivity of DNA sensor based on the PANI−GNO. Hybridization efficiency (HE) = (ia,ssDNA − ic,dsDNA)/
ia,ssDNA × 100; each point is the mean of three measurements; and the error bars correspond to the standard deviation.
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DNA was easily observed, which can be attributed to the
synergistic effect of rGNO−PABSA nanocomposite.27 Com-
pared with the above disorder and random PANI−graphene
nanostructures, aligned PANI nanostructures with their
excellent electrochemical properties have attracted increasing
attention. Xu’s group combined 2D GNO nanosheets with one-
dimensional (1D) conducting PANI nanowires to construct
hierarchical nanocomposites, which possess the synergistic
effect of nanocomposites compared with each single mono-
mer.18 Li et al. fabricated three-dimensional (3D) nanostructure
hybrid materials in which uniform aligned PANI nanowire
arrays on expanded graphite (EG) nanosheet were obtained.28

They demonstrated that PANI/EG nanocomposites could
serve as excellent supercapacitor electrodes.28

In this study, a series of novel nanocomposites, PANI
nanostructures, were obtained using a plain and economical
chemical synthesis route and GNO substrate. Afterward, the
relationship between the nanostructures of PANI−GNO
nanocomposite and the sensitivity of DNA biosensor was
investigated (Figure 1). From the scanning electron microscopy
(SEM) images, the different reaction times (12, 18, and 24 h)
directly induce various morphologies of PANI−GNO nano-
composite, which show different surface areas and capture sites
and further bring different ssDNA surface coverage and HE
(shown in the bottom of Figure 1, histogram). That is to say,
the morphology of nanocomposite affects the sensitivity of
DNA biosensor. In the histogram in Figure 1, the blue column
represents ssDNA surface coverage (for details of the
calculation process, see sections S1−S3 in the Supporting
Information), while the orange column represents the HE
(here, HE = (ia,ssDNA − ic,dsDNA)/ia,ssDNA × 100).

■ EXPERIMENTAL SECTION
Chemicals and Apparatus. A CHI 832 electrochemical work-

station (Shanghai CH Instrument Company, China) and a standard
three-electrode system including a carbon paste electrode (CPE) or
modified electrode as working electrode, a platinum wire auxiliary
electrode and a saturated calomel reference electrode (SCE), were
used for the electrochemical measurement, as in reference 27. The
obtained nanocomposites were characterized by SEM (JSM-6700F,
JEOL, Tokyo, Japan).
The following chemicals were obtained: aniline (Tianjin Da Mao

Chemical Factory); natural graphite powder (spectral pure, grain size
about 30 μm; Sinopharm Chemical Reagent Co., Ltd.); carbon powder
(Shanghai Colloid Laboratory); paraffin (Shanghai Hua Ling Healing
Appliance Factory); potassium ferricyanide (K3[Fe(CN)6], Shanghai
No. 1 Reagent Factory, China); potassium ferrocyanide (K4[Fe-
(CN)6], Shanghai Heng Da Chemical Limited Company, China);
tris(hydroxymethyl)amminomethane (Tris, Sigma, St. Louis, MO);
and methylene blue (MB) and sodium dodecyl sulfate (SDS; Shanghai
Reagent Company). All chemicals were analytical grade, and all
aqueous solutions were prepared with Aquapro ultrapure water (Ever
Young Enterprises Development. Co., Ltd., Chongqing, China)
following the same procedure described in reference29.
The 18-base synthetic oligonucleotides used in the experiment were

all provided by Shanghai Sangon Biotechnology, Ltd., Co., including
pDNA (ssDNA, 5′-TCT CAA TGG CTG CCT CCC-3′), target DNA
(complementary DNA (cDNA), namely, an 18-base fragment of
PML/RARA fusion gene sequence formed from promyelocytic
leukemia (PML) and retinoic acid receptor alpha (RARA), 5′-GGG
AGG CAG CCA TTG AGA-3′), single-base mismatched DNA (5′-
GGG AAG CAG CCA TTG AGA-3), and noncomplementary DNA
(ncDNA, 5′-AGT TCA TCC TGC GCT CTT-3′).
First, 100 μL of 1.0 × 10−4 M pDNA were dissolved in 10 mL of

Tris−HCl buffer solution (5.0 × 10−3 M Tris−HCl, 0.05 M NaCl, pH
7.0). Then, 100 μL of 1.0 × 10−4 M other aforementioned

oligonucleotides sequences (cDNA, single-base mismatched DNA,
and ncDNA) were respectively diluted with 10 mL of 2 × sodium
saline citrate (2 × SSC, pH 7.0) buffer solution composed of 0.30 M
NaCl and 0.030 M sodium citrate tribasic dihydrate (C6H5Na3O7·
2H2O). It is worth noting that the obtained homogeneous solutions
were all stored at 4 °C before use.

Preparation of Different Platforms. The fabrication of CPE was
carried out according to the approach in reference 29. Graphite
powder was used as the original material to synthesize graphite oxide
(GO) following Hummers’ method.30

The preparation of PANI−GNO nanocomposite was carried out via
chemical polymerization of GNO and aniline monomer with the help
of oxidant (ammonium persulfate, APS).18 A uniform GNO
suspension was first obtained by dispersing 36 mg of pure GO in
100 mL of 1 M aqueous perchloric acid solution with the aid of
sonication for 30 min. Afterward, 0.465 g of aniline monomer was put
into the solution. Additionally, 10 mL of ethanol was added into the
reaction solution to avoid the solution being frozen. Then, the
obtained solution was stirred and stored at −10 °C for 15 min to form
a homogeneous mixture. Meanwhile, the oxidant solution was
precooled by dispersing 0.76 g of APS in 10 mL of 1 M aqueous
perchloric acid solution, and this solution was cooled at −10 °C. After
the rapid addition of APS into the mixture, the resulting mixture was
kept for a certain time at −10 °C to realize polymerization. Ultimately,
an emerald flocculent precipitate was obtained, filtered, and dried
naturally. Through changing the reaction time, a series of
morphologies of PANI−GNO nanocomposites were obtained.

In addition, the pure PANI was also chemically synthesized via the
same procedure stated as above but without GNO. We added GO to
ultrapure water and ultrasonicated the solution for 30 min to get
individual GNO.

Five milligrams (5.0 mg) of PANI−GNO nanocomposites was
dissolved in 10 mL of ultrapure water, followed by ultrasonication for
30 min, and then a homogeneous suspension was obtained. The bare
CPE was covered by 10 μL of the obtained suspension and kept in the
air until it naturally dried to form PANI−GNO/CPE. For comparison,
we applied the similar procedure mentioned above to prepare GNO/
CPE and PANI/CPE.

Immobilization and Hybridization. In this study, the anchoring
of ssDNA on working electrode was based on the π−π* interaction
between conjugated interface and DNA bases according to reference
31. First, 10 μL of Tris-HCl buffer solutions containing 1.0 × 10−6 M
ssDNA were dropped onto the nanocomposite modified electrode, air-
dried to dryness and rinsed with ultrapure water to drive the unfixed
pDNA. DNA hybridization reaction was conducted by dropping 10 μL
of 2 × SSC buffer solutions involving 1.0 × 10−6 M cDNA onto the
recognition surface. The unhybridized cDNA was removed by leaching
the electrode with 0.2% SDS solution, aiming to decrease nonspecific
adsorption of cDNA. The effect of elution treatment can be seen in
section S4 of the Supporting Information. For the sake of releasing the
double-stranded DNA (dsDNA) from the working electrode surface,
the electrodes were maintained at −0.7 V for 150 s.27 Herein, the
elution time and elution potential could affect the differential pulse
voltammogram (DPV) signals of 2.0 × 10−5 M MB, and the details
please see section S5 of the Supporting Information.

Electrochemical Measurements. The following parameters were
employed for DPV measurements: pulse amplitude, 50 mV; pulse
width, 60 ms; pulse period, 0.2 s. Supporting electrolyte was Britton−
Robinson (BR) buffer solution (pH 6.0). To get a reliable response,
we soaked the working electrodes in the 2.0 × 10−5 M MB solution for
10 min, and then the signals were recorded.8

Cyclic voltammogram (CV) measurements were performed in 1.0
× 10−3 M K3[Fe(CN)6] and 1.0 × 10−3 M K4[Fe(CN)6] (1:1)
solution containing 0.1 M KCl between 0.6 and −0.3 V, as well as in
BR buffer solution (pH 6.0) between 0.0 and −0.5 V. The CV scan
rate was 0.1 V/s. According to the CV signals of nanocomposites
modified electrodes recorded in 1.0 × 10−3 M K3[Fe(CN)6] and 1.0 ×
10−3 M K4[Fe(CN)6] (1:1) solution containing 0.1 M KCl, and signals
of 2.0 × 10−5 M MB at the ssDNA modified electrodes, the ssDNA
surface coverage was calculated.27
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The experimental results for each electrode were the average value
of three parallel measurements.

■ RESULTS AND DISCUSSION
Characterization of Hybrids. Figure 2 displays the SEM

images of GNO, PANI, and the various PANI−GNO. As

shown in Figure 2A, GNO nanosheets are a smooth platform
with few folds.32 After chemical polymerization of the ANI
monomers without GNO, the formed PANI displays connected
network with average diameter of 40 nm, as shown in Figure
2B. Random connected PANI nanofibers are formed via using
aniline micelles as a “soft template” by homogeneous
nucleation.18,33 Furthermore, Figure 2C−F shows how the
various morphologies of PANI−GNO nanocomposites (pre-
pared under varying reaction times of 5, 12, 18, and 24 h) are
programmed using the axes of reaction time.18 It can be seen
that some small horns appear on the surface of GNO
nanosheets with the reaction of 5 h. The small horns begin
to grow vertically as the reaction time increases. Once the
reaction time reaches 18 h, clear PANI nanofibre arrays on the
GNO nanosheets are observed (Figure 2E) with diameters of
about 100 nm. The phenomena are similar to the results
reported by Xu’s group.18 The aligned PANI nanofiber arrays
were formed via chemical polymerization of aniline monomer
in the GNO aqueous solution, while random connected PANI
nanowires were produced in without GNO aqueous solution.
That is to say that GNO served as the support or template for
nucleation and growth of PANI.

Furthermore, with increasing reaction time, the PANI−GNO
nanocomposites interlink to a large-area plate-like structure on
bottom with a lot of tips decorated on it. The detail mechanism
is not clear now. The results demonstrate that the different
reaction times bring various formations of PANI−GNO,
including small horns, vertical arrays, and nanotips.

Electrochemical Studies on DNA Immobilization and
Hybridization. Controlling the surface textures of nano-
structured electrodes can prompt nucleic acid sensors with
different sensitivities.5 The GNO, PANI, and various PANI−
GNO nanocomposites exhibit different morphologies, which
may further affect ssDNA surface coverage and HE. Here, as a
classic electroactive indicator, MB, has been used for
monitoring the changes of electrode surface affected by probe
immobilization and hybridization.
Figure 3 shows the DPV signals of 2.0 × 10−5 M MB

recorded at different nanocomposite-modified electrodes. The

representative DPV signals of MB at the GNO/CPE (curve a),
ssDNA/GNO/CPE (curve b), and dsDNA/GNO/CPE (curve
c) are displayed in Figure 3A. After the ssDNA was
immobilized onto the GNO modified electrode surface
(ssDNA/GNO), the reduction peak current raised dramatically
relative to that of the GNO. Two aspects should be considered
to explain the observed this phenomenon. Owing to the unique
affinity between MB and the exposed guanine bases of ssDNA,
as well as the strong electrostatic interactions between MB
cation and electronegative phosphate skeletons of ssDNA, the

Figure 2. SEM images of (A) GNO; (B) PANI; and PANI−GNO
nanocomposites with reaction times of (C) 5, (D) 12, (E) 18, and (F)
24 h in ice bath.

Figure 3. DPV signals of 2.0 × 10−5 M MB of (a) nanocomposites, (b)
ssDNA modified CPE, and (c) dsDNA modified CPE. (A) GNO; (B)
PANI; and PANI−GNO nanocomposites with reaction times of (C)
5, (D) 12, (E) 18, and (F) 24 h.
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greatest MB accumulation happened at GNO layers. That is to
say, the increase of reduction peak current can confirm that
ssDNA had been successfully bounded to the GNO layers. To
get rid of the formed dsDNA from the GNO surface, an elution
treatment (−0.7 V voltage for 150 s) was imposed on the
modified electrode after the ssDNA hybridized with its cDNA
sequence.34 Then, a significant decrease of the reduction peak
current is observed at the dsDNA/GNO/CPE (curve c), which
can be ascribed to certain decreasing free guanine bases and
negative charge. Additionally, it can be concluded that the
binding between the ssDNA and the cDNA is stronger and
more stable than the interaction between ssDNA and GNO,
which led the formed dsDNA to be released from the
conjugated GNO surface.27,31,35,36 The decrease can be used
as strong evidence for identifying the successful hybridization of
ssDNA. Moreover, the DPV changes of MB in several other
kinds of nanocomposite-modified electrodes show the same
tendency (Figure 3B−F).
Figure 4A shows the comparative histograms of the various

PANI−GNO nanocomposites obtained from different reaction

times. The ssDNA surface coverage and HE increased,
accompanied by the increase in the preparation time of
PANI−GNO nanocomposite. But after 18 h, ssDNA surface
coverage and HE all decreased. For comparison, ssDNA surface
coverage and HE of GNO and PANI were also investigated
(Figure 4B). It is obvious that the PANI−GNO nanocomposite
(reacted for 18 h) modified electrode still exhibits the highest
ssDNA surface coverage and HE, which could be attributed to
the synergetic effect of PANI and GNO and the fine
nanostructure of the PANI−GNO nanocomposite (reacted
for 18 h; Figure 2E), allowing more exposed surface area than
other nanostructures do. According to Kelley’s hypotheses, first,

electrodes modified with nanostructured materials own higher
surface area and more capture sites, thus inducing higher
sensitivity. Second, nucleic acid probe molecules bounded to
the surface of electrodes modified with nanostructured
materials can provide more accessible space compared with
the surfaces of electrodes modified with smoother materials,
which induces more efficient and faster binding of analytes.2

Detection Comparison of the PML/RARA Gene
Sequence. The sensitivity of the electrochemical hybridization
detection was measured via hybridization with different
concentrations of PML/RARA gene sequence, employing the
DPV reduction peak current difference of MB due to the
hybridization with different concentrations of cDNA hybrid-
ization sequences (namely, Δipc, Δipc = ipcssDNA − ipcdsDNA) as
the measurement signal.
After the probe-modified different nanostructured electrodes

were hybridized with increasing concentrations of cDNA
sequences, the corresponding DPV reduction peak current of
MB exhibit decreasing trend, indicating more dsDNA is
successfully formed on the modified electrode surface (Figure
5). Variations of DPV reduction peak current differences, Δipc,

against cDNA concentrations are plotted in Figure 6. With the
increase of reaction time from 5 to 24 h, at 18 h, sensitivity
reached its optimum of 2.08 × 10−16 M with a dynamic
detection range spanning from 1.0 × 10−15 M to 1.0 × 10−6 M
of the target sequences (Figure 6E). The 24 h reaction time did
not enhance the electrodes’ performances, which suggested the

Figure 4. ssDNA (blue column) surface coverage and (orange
column) HE. (A) PANI−GNO nanocomposites (5, 12, 18, and 24 h)
and (B) different nanocomposites (GNO, PANI, and PANI−GNO).

Figure 5. DPV signals of 2.0 × 10−5 M MB at ssDNA modified CPE
and after hybridization with different concentrations of PML/RARA
fusion gene sequence. (A) GNO; (B) PANI; and PANI−GNO
nanocomposites with reaction times of (C) 5, (D) 12, (E) 18, and (F)
24 h.
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steric hindrance effect limited the efficiency of the hybridization
(Figure 2F).

■ CONCLUSION
A series of DNA biosensing platforms with different
morphologies were developed, and the ssDNA surface coverage
and HE using 2.0 × 10−5 M MB as an indicator were compared.
On the basis of these comparisons, we confirmed that
immobilizing the ssDNA on different morphologies leads to
different ssDNA surface coverage, which further affects HE. At
the same time, the results showed that the PANI−GNO
nanocomposite (reacted for 18 h) owns an optimal balance for
DNA immobilization and hybridization detection. This DNA
assay was applied to detect PML/RARA gene sequence and
then presented relatively wide linear range, low detection limit,
and high sensitivity.
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