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ABSTRACT: Nanomaterials have been extensively utilized in 1
biosensing systems for highly sensitive and selective detection of a A
variety of biotargets. In this work, a facile, label-free, and ' o
ultrasensitive electrochemical DNA biosensor has been developed, : S & %\
based on “urchinlike” carbon nanotube-gold nanoparticle (CNT- S RE SR
AuNP) nanoclusters, for signal amplification. Specifically, electro-
chemical polymerization of dopamine (DA) was employed to
modify a gold electrode for immobilization of DNA probes
through the Schiff base reaction. Upon sensing the target nucleic
acid, the dual- DNA (reporter and linker) functionalized AuNPs
were introduced into the sensing system via DNA hybridization.
Afterward, the end-modified single-wall carbon nanotubes with
DNA (SWCNT-DNA) were attached to the surface of the AuNPs through linker-DNA hybridization that formed 3D radial
nanoclusters, which generated a remarkable electrochemical response. Because of the larger contact surface area and super electronic
conductivity of CNT-AuNP clusters, this novel designed 3D radial nanostructure exhibits an ultrasensitive detection of DNA, with a
detection limit of 5.2 fM (a linear range of from 0.1 pM to 10 nM), as well as a high selectivity that discriminates single-mismatched
DNA from fully matched target DNA under optimal conditions. This biosensor, which combines the synergistic properties of both
CNTs and AuNPs, represents a promising signal amplification strategy for achieving a sensitive biosensor for DNA detection and
diagnostic applications.
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In the last two decades, DNA biosensors, based on nucleic teristics, electrocatalysis, and biocompatibility.'” Apart from
acid hybridization, have been widely employed in many the AuNPs, carbon nanotubes (CNTs) are another popularly
fields, ranging from molecular diagnostics, gene therapy, and utilized candidate used in nanocomposites (e.g., horseradish
environmental analysis, to food development.l_5 Among the peroxidase (HRP)-CNT,20 Fc-CNT,*' alkaline phosphatase
existing DNA detection techniques, electrochemical DNA (ALP)-CNT* conjugates, and so on) for signal amplification.
biosensors have received extensive interest because of their This is due to their high electronic conductivity for electron
high sensitivity, simplicity, low-cost, and potential for transfer reactions and excellent sensitivity for monitorin§
miniaturization.®™” chemical environmental changes around their surfaces.”
Detection of ultralow content of DNA in samples has also Recently, AuNP-CNT nanocomposites have shown great
attracted tremendous research attention. Thus, in order to potential for advancing DNA detection because of their
further improve the sensitivity and detection level of enhanced physical and excellent synergistic properties. For
electrochemical DNA biosensing, a variety of signal amplifica- example, Ma et al. covalently attached multiwalled carbon
tion strategies have been reported, including rolling circle nanotubes (MWCNTs) and AuNPs, via a layer-by-layer
amplification (RCA), nanocomposites, catalyzed hairpin assembly technique on an electrode, which showed excellent
assembly (CHA), and so on, 0715 Among them, nano- reproducibility and stability for DNA detection, with a limit of
24 ;
composites that are typically constructed by combining two 7.5 pM.”" Moreover, Fayazfar et al. fabricated another
or more nanomaterials, have gained increasing interest because biosensing platform for label-free detection of TPS3 gene
of their unique physical and chemical properties. One of the mutation, based on AuNPs/vertically aligned MWCNT
most frequently used nanomaterials for the fabrication of nanocomposites, where the synergistic interactions of the
nanocomposites is gold nanoparticles (AuNPs). AuNPs,
conjugated with different reporter molecules, such as ferrocene Received: August 2, 2019
(Fc),16 thionine,17 and enzymes,18 have been used to amplify Accepted: February 14, 2020
the signal during DNA detection by taking advantage of the Published: February 14, 2020

outstanding properties of the AuNPs, which include easy
surface modification, quantized charging/discharging charac-
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Scheme 1. Schematic Illustration of the Fabrication and Detection Process of an Electrochemical DNA Biosensor
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AuNPs and the vertically aligned CNTs on an electrode
surface not only improved the density of the probe DNA
attachment and accessibility for DNA hybridization but also
Though much
progress has been made with nanocomposite-assisted DNA
sensing systems, it is still highly desirable to explore new
strategies that can effectively amplify and transduce DNA
hybridization signals to achieve higher sensitivity and accuracy
in the electrochemical detection of nucleic acids.

In this work, we report a simple, label-free, and ultrasensitive
sandwich-type electrochemical biosensor for DNA detection,
based on a novel urchinlike CNT-AuNP nanoclusters serving
as a signal amplifier. The unique morphology of the fabricated
nanoclusters effectively facilitates the electron transfer between
the electrode and hybridized clusters, therefore significantly
enhancing the signal of DNA interaction. As illustrated in
Scheme 1, the DNA biosensor was prepared by covalently
attaching the amine-modified probe DNA (NH,-ssDNA) onto
the polydopamine (PDA)-functionalized gold electrode surface
through the Schiff base reactions, where the catechol functional
groups of PDA coupled with amine group-modified DNA to
anchor DNA probes on the interface of PDA.**"*° Upon
hybridization of the probe DNA with the target DNA, the
dual-DNA (reporter and linker) functionalized AuNPs were
introduced into the sensing system via DNA hybridization.
Afterward, the end-modified single-wall carbon nanotubes with
DNA (SWCNT-DNA) were attached to the surface of the
DNA-functionalized AuNPs through linker-DNA hybridiza-
tion, forming three-dimensional (3D) urchinlike nanoclusters.
Because of the flexibility of DNA strands, relatively large mass
of AuNPs, and a large contact surface area of conjugated
CNTs, the CNT-AuNP nanoclusters were positioned in close
proximity of the gold electrode surface, allowing an efficient
electron transfer reaction. The fabrication processes and
performance of the DNA biosensor were characterized by
cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS), as well as linear sweep voltammetry
(LSV).

.25
enhanced the electron transfer reaction.
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B EXPERIMENTAL SECTION

Materials and Chemicals. All synthetic DNA strands
were purchased from Integrated DNA Technologies, Inc.
(www.idtdna.com), and their corresponding sequences are
included in Supporting Information, Table SI. Dopamine
hydrochloride (DA), tris(hydroxymethyl)aminomethane
(Tris), trisodium citrate, and tris(2-carboxyethyl)phosphine
(TCEP) were purchased from Sigma-Aldrich. Gold nano-
particles (15 nm) were purchased from Ted Pella, Inc. 2X
Saline sodium citrate (SSC) buffer (300 mM NaCl, 30 mM
sodium citrate, pH 7.0) was used as a hybridization buffer, and
0.2X SSC was used as a washing buffer.

Apparatus. Electrochemical analysis was carried out on an
Ivium CompactStat potnetiostat(Ivium Technologies, Nether-
lands) at room temperature. All experiments were conducted
with a conventional three-electrode system, including a gold
working electrode (WE), a Pt mesh counter electrode (CE),
and a Ag/AgCl (3.0 M KCl) reference electrode (RE).
Electrochemical impedance spectroscopy (EIS) was performed
at a frequency that ranged from 0.1 Hz to 10 kHz. All
experimental results were analyzed in terms of a Randle’s
equivalent circuit model. AuNPs concentrations were
determined by using a UV—vis spectrophotometer (Ultrospec
9000, GE Healthcare). Atomic force microscope (AFM)
images were obtained using a Nanoscope III microscope
(Digital Instruments, Santa Barbara, CA), operating in a
tapping mode in air, with ultrasharp 14 series (NSC 14) tips
purchased from NanoWorld (www.nanoworld.com).

Functionalization of Gold Nanoparticles with Thio-
lated Reporter and Linker ssDNA. AuNPs (15 nm) were
functionalized with a mixture of thiolated reporter and linker
ssDNA (molar ratio at 50:50) by following the previously
introduced methods.*® First, the thiolated DNA strands were
reduced by TCEP in Milli-Q water with a TCEP:DNA ratio of
100:1 for 1 h, followed by filtration to remove small molecules
using a G-25 column. Then, the reduced thiolated DNA was
mixed with an AuNP solution and, subsequently, incubated at
room temperature on a shaking mixer (Global Scientific In).
After 1 h, 1X phosphate buffered saline (PBS, 100 mM NaCl,
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10 mM phosphate) was added to the mixed solution, and the
mixture was aged for 2 h. Next, a salt NaCl solution (2 M) was
gradually added to the above solution to reach a final NaCl
concentration of 0.5M, and the mixture was aged on a shaking
mixer for another 12 h. Last, the DNA-coated AuNPs were
centrifuged and washed three times with a 0.1 M PBS buffer
(0.1 M NaCl, 10 mM phosphate) to remove unbound DNA
strands. The AuNP concentration was measured by a UV—vis
spectrophotometer at 520 nm.

Preparation of 3D Radial AuNP-CNT Nanocompo-
sites. The DNA-wrapped-CNTs, containing carboxyl groups
on the ends, were prepared by following previous meth-
ods.>' ™% In brief, bundled SWCNTs are effectively dispersed
in water by their sonication in the presence of ssDNA. Then
the DNA-coated CNTs are separated into fractions with
different electronic structures by ion-exchange chromatogra-
phy. The prepared DNA-CNTs were first activated in a 0.2 M
MES buffer, with 4 mM EDC and 10 mM sulfo-NHS, for 30
min at room temperature, followed by the addition of amine-
DNA (0.5 yM) to the CNT solution. After overnight
incubation, at room temperature, the mixture went through a
100 K centrifugal filter (6,000 rpm, 3 min) to remove excess
unbound DNA. Then, the DNA-end-functionalized CNTs
were mixed with DNA-modified AuNPs at a volume ratio of
1:4 and, subsequently, annealed from 50 °C to room
temperature overnight, to promote the formation of the 3D
radial CNT-AuNP nanoclusters.

Fabrication of DNA Biosensor. The bare gold electrode
(3 mm in diameter) was carefully polished to a mirrorlike
finish with an aqueous solution of alumina powder (0.3 and
0.05 pm) on a polishing cloth and sonicated for 10 min in
Milli-Q water. Subsequently, the electrode was cleaned in 0.5
M sulfuric acid by applying an electric potential ranging from
0.0 to 1.5 V, until a standard cyclic peak was observed. The
mirror-finish gold electrode was then dried with nitrogen and
was ready for further modification. The electrochemical
polymerization of dopamine (DA) on the surface of the
electrode was performed by the cyclic sweep of a potential for
10 successive cycles between —0.4 V and +1.5 V, at a scan rate
of 20 mV/s, in 20 mL of 1X PBS buffer (pH 6.5), containing
5.0 mM DA. The modified electrode was then washed with 1X
PBS buffer and gently blown dry with compressed nitrogen.

The probe DNA (1 uM) was immobilized on the PDA-
modified electrode, via a Schiff base reaction, by dropping 10
uL of a probe DNA solution on the electrode and incubating it
at room temperature. After 12 h, the residual activated PDA
film was completely blocked through ethanolamine hydro-
chloride (1.0 mM) treatment. The resulting DNA-modified
electrode was then washed with 1X PBS to remove unbound
probe DNA and stored in the immobilization buffer until
turther use.

Electrochemical Detection of DNA Hybridization and
Signal Recording. The probe-modified electrode was
incubated with target DNA (1 uM) in a 10 mM Tris-HCl
buffer (pH 7.5) for 60 min at 42 °C. The electrode was then
rinsed three times with the 10 mM Tris-HCI buffer to remove
nonhybridized target DNA from the electrode surface. To
amplify the electrochemical signal, the target-hybridized
electrode was immersed in the dual-DNA modified AuNPs
solution for 60 min at 42 °C, following washing. Then, the
prepared electrode was incubated with the SWCNT-DNA
solution (500 nM) and cooled from 45 °C to room
temperature. Thereafter, the excess was thoroughly washed
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from the electrode with washing buffer to ensure that the
current signal obtained was only caused by the AuNP-CNT
nanoclusters hybridized with target DNA. Finally, LSV
measurements were carried out in a 5.0 mM [Fe(CN)6]4_/ 3
solution containing 0.10 M KCl in a scan ranging from —0.2 V
to +0.6 V.

B RESULTS AND DISCUSSION

Synthesis and Characterization of 3D Urchinlike CNT-
AuNP Nanoclusters. In this study, ssDNA wrapped single-
walled CNTs were employed that contained carboxyl groups
on both ends that were created during the cutting process.”' ~*
By following previous methods, NH,-ssDNA was easily
attached on the ends of the CNT through amide bond
formation.>* Then, CNTs were conjugated on the surface of
dual-DNA (reporter and linker) functionalized AuNPs,
through DNA hybridization, in which the sequence of DNA
on CNT's was complementary to the reporter DNA on AuNPs.
To verify the successful formation of the CNT-AuNP
nanoclusters, AFM was employed to directly visualize their
size and morphology. The typical AFM image of the assembled
CNT-AuNP nanoclusters, as shown in Figure 1, clearly reveals

Figure 1. AFM image showing the formation of 3D urchinlike CNT-
AuNP nanoclusters. Scale bar: 200 nm.

that the CNTs with a length distribution of 100—150 nm
(Figure S1) could radially attach to the surface of the DNA-
functionalized AuNPs (~15 nm core diameter), and form the
targeted clusters. The statistic distribution of the number of
CNT on a single AuNP shows in Figure S2. The diameter of
these nanoclusters was estimated to be up to 300 nm.
Electropolymerization of Dopamine at the Surface of
a Gold Electrode. Cyclic voltammetry, a powerful electro-
chemical technique, was used for electropolymerization of the
PDA film on the surface of a gold electrode.”>™*” Figure 2A
presents the repetitive CV curves (10 cycles) obtained during
electropolymerization. It can be seen that, in the first cycle,
peak 1 was observed at +0.2 V, which is attributed to the
oxidation of the DA. In addition, a pair of well-defined peaks
(2 and 3) appeared at +0.11 V and —0.33 V, respectively,
which could have resulted from the reduction of dopamine-
quinone (DAQ) and dopaminechrome (DAC), respectively. In
subsequent potential scans, an additional peak (4) was
observed at —0.23 V, which was likely because of the oxidation
of leucodopaminechrome (LDAC).*™*’ It is worth noting
that the peak currents of peaks 1 and 2 gradually decreased
with the increased number of scans. This effect suggests that
the oxidation products of DA were polymerized and
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Figure 2. Electropolymerization of dopamine at the surface of a gold electrode. (A) Repetitive electrochemical polymerization of DA by cyclic
voltammograms at the surface of a gold electrode. Scan rate: 100 mV/s with potential range from —0.7 V to +0.7 V; (B) Cyclic voltammograms of
different voltammetric cycles of PDA-modified gold electrode containing 5 mM [Fe(CN)4]*>™/#" with a 50 mV/s scan rate.

successfully adsorbed onto the electrode surface, therefore,
leading to the suppression of the voltammetric response. The
electrochemical behavior of electrodeposited PDA film on the
electrode surface was further investigated by using [Fe-
(CN)g]*>™/* as a redox probe during CV scans.

As illustrated in Figure 2B, the bare gold exhibited a pair of
well-defined, nearly reversible redox peaks with a peak
potential difference of 70.5 mV. Nevertheless, with increases
in the cycling number of electropolymerization, the peak
currents decreased rapidly and, meanwhile, the peak-to-peak
separation gradually increased. Once 30 cycles were reached,
both redox peaks disappeared almost completely, indicating
that a continuous and dense PDA film was coated on the gold
electrode surface, which nearly blocked the electron transfer
reaction of [Fe(CN)4]>~/*".

Fabrication of DNA Biosensor. EIS is a highly effective
method for monitoring the changes in interfacial behavior that
occurs on a surface-modified electrode in each fabrication
process.”’ EIS data are commonly evaluated with a Nyquist
plot, which includes a semicircle portion that is observed in a
higher frequency region and a straight line at a low-frequency
region. The diameter of the semicircle represents the electro-
transfer resistance (R,), the value of which is directly
dependent on the characteristics of the surface layer and,
therefore, allows the monitoring of each step of electrode
fabrication.”” The simplest, and most frequently used
equivalent circuit for modeling the EIS experimental data is
the Randles circuit which comprises the uncompensated
resistance of the electrolyte (Rg), constant phase element
(Cq), the charge-transfer resistance (R), and the Warburg
impedance (Z,)."' Figure 3 shows the Nyquist plots of the
stepwise fabrication processes of a DNA biosensor. It is
observed that the R, value had increased after electro-
polymerization of the PDA coating on the electrode surface,
as compared with the bare gold electrode that exhibited a
nearly straight line. This result indicated that the PDA film
partially blocked the electron transfer between [Fe(CN)¢]*~/*
in the solution and the electrode surface. After the probe DNA
strands were immobilized on the PDA layer of the electrode,
the R, value obviously increased to 3500 €2, as a result of the
electrostatic repulsive force between the negatively charged
DNA backbone and the [Fe(CN)4]*~*". In sequence, when
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Figure 3. Nyquist plots of impedance spectra at different modification
stages of DNA biosensor. Bare gold electrode (a); PDA-modified
electrode (b); probe DNA immobilization (c); target DNA
hybridization (d); DNA-functionalized AuNP hybridization (e); and
CNT-AuNP nanocomposites hybridization (f).

the target DNA dropped onto the biosensor surface, the R
value further increased from 3500 €2 to 6000 €, indicating that
the target DNA could be recognized by the constructed
biosensor via hybridization. This led to a further increase in the
electron-transfer resistance between [Fe(CN)4]*™/#~ and the
biosensor. Upon introduction of the AuNP/DNA (reporter
and linker) conjugates onto the biosensor surface, the R, value
remarkably increased from 6000 Q to 9800 . This suggested
that the AuNP/DNA (reporter and linker) conjugates could be
successfully bound to the biosensor surface through hybrid-
ization between the target and linker DNA. Eventually, when
the DNA-modified CNTSs were attached on the surface of the
AuNP/DNA (reporter and linker) conjugates, forming the 3D
radial CNT-AuNP nanocomposites, a decrease in the R value
was observed. This indicated that the CNTs here played a role
as electron transfer mediators by facilitating the electron
transfer between the [Fe(CN)s]*”*" and the electrode,
thereby enhancing the sensitivity of the biosensor.

This observation was similar to the results reported in a
previous study, in which the porous structure of CNTs
dramatically increased the contact surface area of a redox probe
([Fe(CN)§J**") and the DNA-wrapped CNTs were more

https://dx.doi.org/10.1021/acs.analchem.9b03520
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Figure 4. Optimization of the performance of a DNA biosensor. The effects of buffer pH (A) and hybridization time (B) on the peak current.
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Figure 5. (A) LSV responses of the DNA biosensor to different concentrations of target DNA with the 3D radial AuNP-CNT nanostructures; a: 10
nM, b: 1 nM, c: 100 pM, d: 10 pM, e: 1 pM, and f: 100 fM, g: probe DNA. (B) Linear relationship of current response vs target DNA

concentration (n = 3).

Table 1. Comparison of DNA Biosensor Performance with Recent Publications

strategy analytical technique
MWCNT/AuNPs/Ta EIS
MWCNT/AuNPs fluorescent
Au/MNP-CNTs/Pt-IDE LSV
GNPs/MWCNTs/gold electrode DPV
DNA/AuNPs/PABA/MWCNTSs/GCE DPV
Fe203/MWCNT/AuNPs SWv
GNPs/SWCNTs/PDA/gold electrode LSV

linear range LOD ref
1.0 fM—0.1 uM 10 aM 25
100 fM—1.0 nM 334 fM 47
1.0 pM—10 nM 8.4 pM 48
0.01 nM—0.5 nM 7.5 pM 24
1.0 pM—5.0 nM 0.35 pM 49
6 nM—0.3 uM 6 nM S0
0.1 pM—10 nM 52 M this study

hydrophilic and easier to contact with the aqueous solution.*

Those factors are known to be critical for enhancement of
electron transfer and improvement of the sensitivity of
electrochemical biosensors.”*™** In order to confirm that
enhancement of the sensitivity of the DNA biosensor was
induced by 3D radial CNT-AuNP structures, and not by the
physical absorbed CNTs on the surfaces of electrodes, a
control experiment was conducted. Instead of using end-
modified CNTs, with covalently attached DNA (complemen-
tary to reporter DNA on the surface of AuNPs), CNTs were
directly incubated with AuNP/DNA bound electrodes. After
they were washed, there was no obvious difference in the
resistance R, value, before and after the addition of CNTs
(Figure S3), indicating that the decrease in R, was caused by
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the attachment of DNA-modified CNTs on the AuNP surface,
and the formation of urchinlike 3D nanoclusters.

Biosensor Optimization. In order to achieve the optimal
assay performance of the fabricated biosensor, the effects of pH
and hybridization time for the target DNA detection were
investigated. As can be seen in Figure 4A, the LSV peak
currents increased with increases in pH value, until a pH of 7.5
was reached, and then decreased when the pH increased
further. Thus, considering the detection sensitivity, pH 7.5 was
chosen as the optimal pH value. Figure 4B shows the
dependence of the LSV responses on hybridization time. It
was evident that the peak currents increased rapidly, with
increasing hybridization time, and remained nearly constant

https://dx.doi.org/10.1021/acs.analchem.9b03520
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within 60 min. Therefore, 60 min was employed as the target
for DNA detection.

Analytical Performance of a DNA Biosensor. Under
optimized experimental conditions, the sensitivity of a
fabricated biosensor was investigated with different concen-
trations of a target DNA. As shown in Figure 5A, the LSV
response of the DNA biosensor increased with increases in the
target DNA concentrations. A good linear relationship was
observed between the peak currents and the logarithm of the
concentrations of the target DNA that ranged from 10 nM to
100 fM (Figure SB). The corresponding regression equation
was I = 15.811ogCpy,+214.36 (R* = 0.9998). The detection
limit was estimated to be 5.2 fM, according to the 30/a
criterion (where a is the slope of the liner regression, and ¢ is
the standard deviation of the blank analysis), which is much
lower than those reported in the literature (AuNP-decorated
CNTs-assisted DNA sensing) (Table 1).775% A comparison
experiment was also performed (Figure S4), which demon-
strated the detection limit of the proposed biosensor increased
25 times with and without CNT involvement (Figure SS). This
high sensitivity would most likely be related to the structural
teature of the 3D radial CNT-AuNP nanocomposites. The
radially distributed CNTs around the AuNP core can
effectively facilitate the electron transfer rate and, thereby,
improve the sensing performance.

Selectivity of Biosensor. The selectivity of the fabricated
biosensor was evaluated by testing its LSV responses after
hybridization with complementary, single-base-mismatched,
two-base-mismatched, and noncomplementary DNA sequen-
ces, respectively. It can be seen from Figure 6 that the
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Figure 6. (A) LSV responses of the DNA biosensor for the probe
DNA, single-base mismatched sequences, two-base mismatched
sequences, noncomplementary DNA, and target DNA (DNA
concentration is 10 pM).

hybridization of the probe to the target DNA resulted in the
strongest signal intensity, as compared with mismatched DNA
sequences. As expected, with an increase in the number of
mismatches, the LSV signals gradually decreased. Only a

negligible change in the LSV curve was observed in the
noncomplementary DNA, when compared with the probe
alone. Therefore, these results indicated that the constructed
biosensor had good specificity for detection of the target DNA.
In addition, increasing the numbers of CNTs attached on the
surface of AuNPs will help to further enhance the signal
amplification.

Target DNA Analysis in Human Serum. To demonstrate
the feasibility of practical application of the proposed
biosensor, in this study, human serum was conveniently
utilized as real biological samples for target DNA detection.
Three concentrations of DNA (1, 10, and 1000 pM) spiked
into the human serum (1% and 10%) were tested by the
developed biosensor, respectively. The resulting percentage of
recovery and relative standard deviation (RSD) were
calculated and listed in Table 2. For every concentration of
DNA in human serum, the recovery percentages were close to
100% with low RSD, indicating the high accuracy of the DNA
biosensor for electrochemical detection in real biological
samples.

Regeneration and Stability of the DNA Sensor. The
stability and regeneration ability are considered as the
important indicators for the practical applications of
biosensors. The regeneration of this DNA biosensor was
evaluated, which was carried out by treating the hybridized
electrode with urea solutions (8 M) for 30 s to break the DNA
duplexes and subsequently rinsed with DI water and then
applied again for the analysis of 10 pM target DNA sample.
The results indicated that the proposed biosensor could be
repeatedly used for assembly disassembly cycles for S times
with a slight signal decreasing (Figure 7). Storage of the
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Figure 7. Reversible changes of the extinction peak currents for the
biosensor during five cycles of disassembly and assembly processes
(target DNA concentration 10 pM).

modified electrode in PBS buffer under 4 °C for 5 days
resulted in a change of 6.15% signal attenuation in LSV
response. Overall, this urchinlike CNT-AuNP-assisted DNA

Table 2. Recovery Detection of Target DNA in Human Serum with the Proposed Biosensor (n = 3)

1% human serum

10% human serum

sample  target DNA added (pM)  target DNA detected (pM) RSD (%)
1 1 1.01, 1.07, 0.98 2.67
2 10 9.93, 9.77, 10.23 2.34
3 1000 1013.27, 989.76, 998.65 1.19
4785

recovery (%)  target DNA detected (pM)  RSD (%)  recovery (%)
99.0 1.03, 0.96, 1.12 7.74 103.7
99.8 9.75, 10.34, 9.88 3.10 99.9
100.1 1013.33, 996.28, 1032.41 1.78 101.4
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biosensor exhibited a good stability and regeneration

capability.
Bl CONCLUSIONS

In summary, we have fabricated a sensitive and label-free
electrochemical DNA biosensor for sequence-specific DNA
detection, based on the “urchinlike” 3D radial AuNP-CNT
nanocomposites. Electropolymerization of PDA film on an
electrode provided a stable, biocompatible, and functional
reactive layer to immobilize DNA probes in a highly dense
fashion. In addition, the synergistic properties of 3D radial
CNT-AuNP nanostructures significantly enhanced the per-
formance of the DNA biosensor with signal amplification. The
constructed biosensor could reach the detection limit of a
target DNA as low as 5.2 fM and exhibited good selectivity for
distinguishing mismatched DNA sequences and noncomple-
mentary sequences under optimal conditions, as well as
excellent stability and regeneration ability. This suggested
that the 3D radial CNT-AuNP nanocluster-based biosensor
offered potential opportunities for sensitive and accurate
detection of DNA for medical diagnosis and applications in
many other fields.
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