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� VKORC1 was detected by the DNA
biosensor for the first time.

� This strategy demonstrates a new
avenue for guiding rational clinical
therapy with Warfarin.

� To improve the sensitivity, bio-
tinylated tetrahedral DNA was intro-
duced during the fabrication of the
biosensor.
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Reports have indicated that warfarin is the most widely prescribed anticoagulant. However, traditionally
prescribed doses for each patient may be too low or too high. The therapeutic effect is often hindered by
a lack of evidence-based medical information. Herein, our aim is to provide this information. To
accomplish this challenge, we report the development of a novel assay based on biotinylated tetrahedral
DNA as a capture probe and fullerene (C60)-based nanomaterial as a redox probe using an ultrasensitivity
assay with the Vitamin K epoxide reductase complex, subunit 1 (VKORC1). Platinum porous nano-
particles (PtPNPs) were modified on amino-terminated polyamidoamine (PAMAM)-functionalized C60
nanoparticles (C60NPs). The resultant C60NPs-PAMAM-PtPNPs were used as a redox probe. In this design,
C60 exhibited excellent redox activity that was triggered by tetraoctylammonium bromide (TOAB). To
improve the immobilization of the tetrahedral DNA capture probe, avidin was introduced during the
fabrication of the biosensor because it can provide more active sites for the immobilization capture
probe. The free-standing probe on top of the tetrahedral DNA served as a receptor to hybridize with
target DNA directly. Different pulse voltammetry (DPV) was applied to record the electrochemical sig-
nals, which increased linearly with the target DNA. Under optimal conditions, the prepared biosensor
showed a wide linear relationship, from 1 pM to 10 nM, with detection limits of 0.33 pM. This strategy
demonstrates a new avenue for the determination of tumour-related mutated nucleotides in biosamples.

© 2018 Published by Elsevier B.V.
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1. Introduction

Vitamin K epoxide reductase complex, subunit 1 (VKORC1)
-1639G/A genotype, is one of the strongest genetic factors that is
used to determine warfarin effects in preventing thrombosis,
sed on C60NPs-PAMAM-PtPNPs to detect VKORC1 gene for guiding
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thromboembolism, and many other disorders [1,2]. The mutation
led to a significantly lower daily dose of warfarin [3]. Warfarin is
characterized by its narrow therapeutic index, wide interpatient
variability of pharmacokinetic parameters and high toxicity [4,5]. It
is crucial to prescreen patients for their genotypes before pre-
scribing this drug to facilitate faster personalized therapy and
minimize the risk for adverse reactions [6]. Herein, we report the
development of a novel and sensitive electrochemical bioassay
method that is applicable to this genotype; the possibility of using
this method clinically was also examined.

To achieve high detection capabilities, the selection of the cap-
ture probe is a crucial feature for nucleic acid hybridization [7,8].
Alternative probes to classic single-stranded DNA (ssDNA) are un-
der development, such as hairpin DNA [9], locked nucleic acid and
tetrahedral DNA [10,11]. The sensitivity of biological sensors is often
limited by low efficiency of heterogeneous biological reactions.
Tetrahedral DNA has become a popular research topic in this field.
Owing to the tetrahedral nanostructure not only proves structural
stability and mechanical rigidity [7,12], but also ensures that the
capture probes are oriented properly and have a controlled density.
In addition, it well controlled spacing and orientation of DNA
probes and greatly improved accessibility for bimolecular recog-
nition compared with the traditional DNA sensor [13]. For
advancing the tetrahedral, we used biotin replace eSH to modify
three vertices of tetrahedral DNA. As a result, the sensitivity of
biosensor is enhanced by controlling the biomolecule-confined
surface and by increasing molecular recognition at the biosensor
interface [9,14]. In recent years, although promising research has
produced biosensors using a tetrahedral DNA probe to detect
mutated nucleotides in biosamples [15,16]. To the best of our
knowledge, an advanced tetrahedral DNA probe has not been used
to identify the VKORC1 genotype. Thus, our goal in this work was to
utilize the advantages of tetrahedral DNA to detect of VKORC1
-1639G/A. For amplifing the detection signal, avidinwas introduced
during biosensor fabrication. Because it can provide more active
sites for the immobilization tetrahedral DNA probe, Leading to the
specific recognition between avidin and biotin at three vertices of
the tetrahedral [17e20]. In order to immobilization more avidin,
reduced graphene oxideetetraethylene pentamine (rGOeTEPA)
and gold nanoparticles (AuNPs) were integrated. Based on
rGOeTEPA not only keeps the original property of rGO but also
promotes water solubility [21]. At the same time, AuNPs exhibited
unique properties such as excellent conductivity, good biocom-
patibility and large surface areas.

For the development of an electrochemical bioassay, signal
amplification is important to improve the sensitivity of a DNA
biosensor. However, nucleotides are not intrinsically able to act as
redox partners in a bioassay reaction. Therefore, the effective
immobilization of a redox molecule is a key step in the fabrication
of a sandwich-type DNA biosensor, which determines its linear
range and detection limit [22]. Very recently, nanomaterial has
been used as a redox probe because it is able to efficiently overcome
the leakage of redox molecules and enhances the amount of
immobilized biomolecules as nanocarriers. Fullerene (C60), which
has gained importance inmaterials science, provides a large surface
area and good biocompatibility, as well as excellent conductivity
[23e25]. Most importantly, C60 has a strong electron-accepting
capacity and the ability to form corresponding anionic species;
this makes it an ideal redox molecule for the construction of a
sandwich-type biosensor [22]. Amino-terminated polyamidoamine
(PAMAM) which is a hyper-branched and three-dimensional
structure with good structural homogeneity and high density of
surface active groups, was decorated C60 to improve its hydrophi-
licity and possesses abundant amine groups on the surface for
further modification [22]. In order to improve the sensitive,
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platinum porous nanoparticles (PtPNPs) were introduced, owing to
its high porosity, large surface area per unit volume [26] and can
offer interconnected channels, which contribute to accelerate
electron transfer between the electrode surface and target mole-
cules and further improved the sensitive of the biosensor [27].
Meanwhile, the nanoporous structure can remarkably address the
drawbacks of a bulk metal as an electrode material. To our surprise,
the use of C60NPs-PAMAM-PtPNPs combined TOAB system as a
redox probe for DNA bioassays has not been reported in the
literature.

We designed a novel sandwich-type DNA biosensor to enable
the detection of VKORC1 -1639G/A. Biotinylated tetrahedral DNA
was used as a capture probe and C60-based nanomaterial was used
as a redox probe. Although, the mutation gene can be detect based
on rGO-TEPA/AuNPs/avidin/tetrahedral DNA/BSA modified elec-
trode. For improving the sensitive, the C60NPs-PAMAM-PtPNPs was
used. To prepare a hydrophilic C60-based nanoprobe, C60 nano-
particles (C60NPs) were prepared by the phase-transfer method and
then functionalized with PAMAM. The obtained PAMAM-decorated
C60NPs (C60NPs-PAMAM) have better hydrophilicity compared to
that of C60NPs; additionally, there are abundant amine groups
available for further modification. After PtPNPs were absorbed on
the surface of the PAMAM-C60NPs, the resultant C60NPs-PAMAM-
PtPNPs was used as a signal amplifier with a transducer when
analysing DNA hybridization events. After a sandwich-type bio-
reaction, the resultant biosensor was incubated with tetraocty-
lammonium bromide (TOAB) to trigger the inner redox activity of
C60 [22]. The signals were detected by differential pulse voltam-
metry (DPV) in a 0.1M phosphate buffered solution (PBS).
Furthermore, the specificity was also investigated by detect single-
base mismatch (mismatch-1, wild type), two-base mismatch
(mismatch-2), three-base mismatch (mismatch-3) and non-
complementary target (random) oligonucleotides. The results
show that the biosensor can specific detect the mutation gene. The
strategy reported here is a new method of determining tumour-
related mutated nucleotides in biosamples, relying on carbon-
based materials as the redox nano-probe.

2. Experimental

2.1. Materials and chemicals

Reduced graphene oxide e tetraethylene pentamin (rGO-TEPA)
and Fullerene (C60) were provided by Nanjing XFNANO Materials
TECH Co., Ltd. (China). Tetraoctylammonium bromide (TOAB, 98%)
was purchased from J&K Scientific. Tris-(2-carboxyethyl)-phos-
phine hydrochloride (TCEP), Gold (Ш) chloride trihydrate
(HAuCl4,3H2O), Chloroplatinic acid (H2PtCl6), Avidin, Tetraocty-
lammonium bromide and amino-terminated polyamidoamine
dendrimer (G5.0 PAMAM) were obtained from Sigma-Aldrich (St.
Louis, USA, www.Sigma-Aldrich.com). Bovine Serum Albumin
(BSA), potassium ferricyanide (K3Fe(CN)6) and potassium ferrocy-
anide (K4Fe(CN)6) were purchased from Beijing Chemical Reagents
Company (Beijing, China). Clinical serum samples were obtained
from a local hospital and stored at 4 �C. The DNA oligonucleotides
were synthesized and purified by Shanghai RuiDi Biological Tech-
nology Co., Ltd. with their sequences illustrated in Table S1.

The buffer solutions involved in this study were as follow:
1� TE buffer (10mM Trishydroxymethylaminomethane hydro-
chloride (Tris-HCl), and 1.0mM ethylenediaminetetraacetic acid
(EDTA), pH 8.0), which was used to dissolve all oligonucleotides.
The other buffer solutions are listed in Table S2. All other reagents
were of analytical reagent grade and used without further purifi-
cation. Ultrapure water (>18.2MU) obtained from a Millipore Mill-
Q purification system was used throughout the experiment.
ased on C60NPs-PAMAM-PtPNPs to detect VKORC1 gene for guiding
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2.2. Construction of the electrochemical DNA biosensor

The apparatus, and preparation of C60NPs-PAMAM, C60NPs-
PAMAM-PtPNPs and the C60NPs-PAMAM-PtPNPs-ssDNA detection
probe are described in detail in the Supporting Information (S1).
The tetrahedral structured DNA probes were self-assembled by
DNA hybridization between three biotinylated DNA nucleotide se-
quences and a longer DNA nucleotide sequence containing the
complementary sequence of the target sequence through a change
in temperature. The tetrahedral DNA structure was prepared as
previously reported [11,15]. First, 2 mL of S1, S2, S3 and S4 were
mixed with 42 mL of the TM buffer. Then, the resulting mixture was
incubated at 95 �C for 5min and cooled to 4 �C for 30 s to form a
tetrahedral DNA structure. The successful formation of the tetra-
hedral DNA was illustrated by sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis (SDS-PAGE) in Fig. 3B.

The fabrication procedure of the electrochemical DNA biosensor
is illustrated in Scheme 1B. Prior to use, GCE was polished repeat-
edly using 0.3- and 0.05-mm alumina slurries followed by thorough
rinsing with Milli-Q water. After successive sonication in baths of
Milli-Q water, absolute alcohol and Milli-Q water again, the elec-
trode was dried at room temperature. After that, 8 mL of rGO-TEPA
(2mgmL�1) was cast onto the electrode surface and dried in the air.
Subsequently, AuNPs were electrochemically deposited onto the
rGO-TEPA-modified GCE surface under a constant potential
of �0.2 V for 30 s in a 1% HAuCl4 solution referring to the previous
literature [28,29]. After washing with Milli-Q water, 10 mL of an
avidin solution (100 ngmL�1) was dropped onto the modified
electrode surface through the strong effect of Au-NH2 bonding to
immobilize avidin. The electrode was kept at 4 �C for 16 h, as avidin
can retain its bioactivity for a long period of time at this tempera-
ture. After the reaction, the electrodes were washed with Milli-Q
water to remove loosely bound chemicals and dried in nitrogen.
Then, 10 mL of a tetrahedral DNA capture probe solution (10 nM) in
immobilization buffer was injected onto the GCE/rGO-TEPA/AuNPs
surface and incubated at room temperature for 10 h. Through the
specific recognition between avidin and biotin, the biotinylated
DNA tetrahedral probe was immobilized on the electrode surface
for hybridization with target DNA. Next, the electrodes containing
the DNA tetrahedral probe were rinsed with washing-buffer to
eradicate nonspecifically absorbed probes. Finally, the modified
Fig. 1. FE-SEM images of (A) rGO-TEPA, (B) rGO-TEPA/AuNPs, (C) rGO-TEPA/AuNPs/
avidin, and (D) rGO-TEPA/AuNPs/avidin/tetrahedral DNA.
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immunosensor was incubated in a 1wt% BSA solution for 1 h at
37 �C to eliminate nonspecific binding sites between the analyte
and the electrode.

2.3. Electrochemical measurements

Target DNA solutions with different concentrations were mixed
with 100 nM C60NPs-PAMAM-PtPNPs-ssDNA detection probe in a
hybridization-buffer; then, the mixture was incubated at 37 �C for
1 h so that the target DNA could efficiently hybridize with the DNA
tetrahedral capture probe. Then, the electrodes containing the DNA
tetrahedral capture probe were washed with washing-buffer and
dried in nitrogen. Afterwards, 8 mL of the above target solution was
incubated with the decorated electrode for 1 h at 37 �C for hybrid-
ization. After the reaction, the electrodes were washed with
washing-buffer to remove loosely bound adsorption molecules and
dried in nitrogen. Subsequently, 10 mL of a TOAB toluene (10mM)
solution was cast on the above electrode for 10min to trigger the
inner redox activity of C60. Finally, the electrochemical measure-
ment with DPV was performed from -0.8 to 0.5 V (vs. SCE) in
working buffer to record the electrochemical responses. The elec-
trochemical responses were directly proportional to the concen-
trations of target DNA.

3. Results and discussion

3.1. Characteristics of the modified electrodes

The stepwise DNA biosensor fabrication processes were inves-
tigated by FE-SEM. From the FE-SEM image of rGO-TEPA, awrinkled
paper-like structure was observed (Fig. 1A). As shown from the FE-
SEM image of the rGO-TEPA/AuNPs composite (Fig.1B), AuNPswere
clearly covered on the surface of rGO-TEPA, which further increased
the surface area of rGO-TEPA. Compared with the FE-SEM image of
the resulting rGO-TEPA/AuNPs/avidin composite (Fig. 1C), proteins
are trapped on the surface of the rGO-TEPA/AuNPs, and a blurry
surface image was observed, distinct from that shown in Fig. 1B.
This result is indicative of successful avidin bonding on the surface
of the rGO-TEPA/AuNPs. After the biotinylated DNA tetrahedral
probe was conveniently immobilized on the rGO-TEPA/AuNPs/
avidin surface, the FE-SEM image revealed island-like array shape
with highly functional density and regular distribution (Fig. 1D).
This shape is distinct from that shown in Fig. 1C, indicating that the
DNA tetrahedral probe was successfully introduced via specific
recognition between avidin and biotin.

To further confirm the successful modification of the DNA
biosensor, the results were monitored by AFM. Fig. S1A shows the
morphology of the rGO-TEPA surface, which has a roughness of
5.489 nm. After the electrodeposition of AuNPs on the rGO-TEPA
surface, the roughness was increased to 365.4 nm (Fig. S1B), indi-
cating that the AuNPs sufficiently increased the surface area of the
electrode. As seen in Fig. 1SC, the roughness of the electrode
decreased to 240.5 nm after the above-modified electrode was
incubated with 100 nM avidin. This suggests that avidin molecules
successfully bonded to the surface of the rGO-TEPA/AuNPs [30].

3.2. Characterization of the detection probes

SEM was used to demonstrate the successful synthesis of
C60NPs-PAMAM-PtPNPs. A typical nanoscale polygon or sphere
shown in Fig. 2A. After the C60NPs reacted with PAMAM, a textile
structure was observed wrapped on the sphere surface. The
refraction of C60NPs-PAMAMwas different from that of the C60NPs,
as shown in Fig. 2B. Typical SEM and TEM images of PtPNPs are
shown in Fig. 2C and D. It was observed that the PtPNPs had a
sed on C60NPs-PAMAM-PtPNPs to detect VKORC1 gene for guiding
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Fig. 2. SEM image of (A) C60NPs, (B) C60NPs-PAMAM, (C) PtPNPs and (E) C60NPs-PAMAM-PtPNPs; (D) TEM image of PtPNPs; (F) FT-IR spectra of (a) C60NPs and (b) C60NPs-PAMAM;
(G) EDS of C60NPs-PAMAM-PtPNPs; (H) The colour changes during the preparation of the C60NPs-PAMAM-PtPNPs. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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porous, spherical morphology and a rough surface. Fig. 2E shows
typical SEM images of the C60NPs-PAMAM-PtPNPs hybrids. The
PtPNPs are trapped on the surface of the C60NPs-PAMAM hybrids,
indicating successful fabrication of C60NPs-PAMAM-PtPNPs hy-
brids. In addition, the C60NPs-PAMAM interaction was character-
ized by Fourier transform-infrared (FT-IR) spectrum. As shown in
Fig. 2F, it is noted that the FT-IR spectrum of C60NPs (curve a) and
C60NPs-PAMAM (curve b) both revealed C60NPs absorption features
at about 1180 cm�1 and 1426 cm�1. The distinct band at 1180 cm�1

was attributed to C-H in-plane bending vibrations and the band at
1426 cm�1 was assigned to C¼C vibrations [31]. Compared with
curve a, in the C60NPs-PAMAM spectra (curve b), spectral shifting
was observed for the PAMAM C-N stretching the band at 1642�1

coupled with N-H bending at 1555 cm�1, and the bands at
2950 cm�1 are contributed by CH2 bending vibration, which cor-
responded to PAMAM [32e35]. The presence of all these absorption
waves supports a successful synthesis of C60NPs-PAMAM. In order
to further prove the formation of C60NPs-PAMAM-PtPNPs, EDS
characterizationwas employed to analyse the detailed composition
of the C60NPs-PAMAM-PtPNPs. As shown in Fig. 2G, several intense
peaks of Pt were observed, suggesting that the C60NPs-PAMAM-
PtPNPs hybrids had been successfully synthesized. The colour
changes after each step was shown in Fig. 2H, which also identify
the successful synthesise of C60NPs-PAMAM-PtPNPs.

To assess the conjugation of the ssDNA detection probe to the
C60NPs-PAMAM-PtPNPs hybrids, UV absorption spectra were
employed. As shown in Fig. 3A, it can be seen that the characteristic
absorbance of ssDNA appeared at 260 nm (curve b) [36,37].
Please cite this article in press as: Y. Wan, et al., A novel DNA sensor b
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Meanwhile, compared to the absorption spectrum of the C60NPs-
PAMAM-PtPNPs (curve a), there is also an obvious absorption at
260 nm for the C60NPs-PAMAM-PtPNPs-ssDNA detection probe
(curve c), which suggests that the ssDNA detection probe had
conjugated to the C60NPs-PAMAM-PtPNPs hybrids. Based on the
above results, we confirmed that the C60NPs-PAMAM-PtPNPs-
ssDNA detection probe was successfully prepared.

SDS-PAGE confirmed the successful assembly of a DNA tetra-
hedral, C60NPs-PAMAM-PtPNPs-ssDNA detection probe hybridized
with target DNA and the successful formation of the sandwich-type
DNA biosensor. As shown in Fig. 3B, the ssDNA and two or three
strands of DNA combination molecules moved quickly in lane a to p
due to their low molecular weight. As expected, the DNA tetrahe-
dral probe showed the lowest mobility in lane q, which is similar to
previous reports [15]. The results provide evidence for the suc-
cessful formation of the DNA tetrahedral probe. Analogously, the
hybrid of C60NPs-PAMAM-PtPNPs-ssDNA and target DNA (lane 3)
was found to move more slowly than C60NPs-PAMAM-PtPNPs-
ssDNA (lane 1) and target DNA (lane 2), as shown in Fig. 3C. These
results are in accordance with previously reported work [16]. The
results prove that C60NPs-PAMAM-PtPNPs-ssDNA successfully hy-
bridized with target DNA. Furthermore, the successful formation of
the sandwich-type DNA biosensor was confirmed. Fig. 3D shows
that the hybrids of C60NPs-PAMAM-PtPNPs-ssDNA, target DNA and
tetrahedral DNA (lane 3) moved more slowly compared with
C60NPs-PAMAM-PtPNPs-ssDNA (lane 1) and tetrahedral DNA (lane
2), which could be attributed to the successful formation of a
sandwich-type DNA biosensor.
ased on C60NPs-PAMAM-PtPNPs to detect VKORC1 gene for guiding
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Fig. 3. (A) UV absorption spectra of (a) C60NPs-PAMAM-PtPNPs, (b) ssDNA detection probe, and (c) C60NPs-PAMAM-PtPNPs-ssDNA. (B) The SDS-PAGE image of the assembly of DNA
tetrahedral. Lane q shows the DNA tetrahedral (S1þS2þS3þS4). Line a-d show the single-stranded DNA (S1, S2, S3, S4). Lines e-k show the two single-stranded DNA combinations
(S1þS2, S1þS3, S1þS4, S2þS3, S2þS4, S3þS4). Lines l-p show the three single-stranded DNA combinations (S1þS2þS3, S1þS2þS4, S1þS3þS4, S2þS3þS4), respectively, and M
(marker) is the 200-bp DNA ladder. (C) The SDS-PAGE image of (1) C60NPs-PAMAM-PtPNPs-ssDNA, (2) target DNA and (3) the combination products of C60NPs-PAMAM-PtPNPs-
ssDNA and target DNA. (D) The SDS-PAGE image of (1) C60NPs-PAMAM-PtPNPs-ssDNA, (2) tetrahedral DNA and (3) the combination products of C60NPs-PAMAM-PtPNPs-ssDNA,
target DNA and tetrahedral DNA.
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3.3. Electrochemical behaviour of the DNA biosensor

The electrochemical characteristics of different nanomaterials
were investigated. The results were mentioned in the supplement
information (S2.1).

As shown in Fig. 4A, CV experiments were performed to monitor
the modification procedure of the electrodes in a 5mM [Fe(CN)6] 3-/
4- solution. A pair of typical reversible redox peaks of ferricyanide
ions can be observed on the bare GCE (curve a). After the electrode
was modified with rGO-TEPA, the peak current of the CV increased
(curve b), indicating the excellent electrical conductivity of rGO-
TEPA. Meanwhile, from the results in Fig. S2D in the Supplemen-
tary information, we can see that the signal observed in rGO-TEPA
(curve b) were higher than the bare GCE (curve a) and the net
current increase significantly, which further proved that rGO-TEPA
can indeed facilitate the electron transfer of the electrochemical
biosensor. After AuNPs were electrodeposited on the above elec-
trode, the peak current further increased (curve c), implying that
AuNPs promote electron transfer.When themodified electrodewas
incubated with avidin (curve d), the peak current decreased due to
the poor conductivity of avidin. When the modified electrode was
immobilized with a biotinylated DNA tetrahedral probe (curve e),
the peak current decreased due to the specific recognition between
avidin and the biotinylated DNA tetrahedral probe, which hindered
electron transfer. The peak current sharply declined after the
biosensor was blocked with BSA (curve f) due to the formation of a
hydrophobic protein layer.

EIS is one of the most powerful tools for probing the features of
surfaceemodified electrodes [38]. Therefore, to further illustrate
that all of the fabrication steps were effective, the electrochemical
behaviours were characterized by electrochemical impedance
Please cite this article in press as: Y. Wan, et al., A novel DNA sensor ba
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spectroscopy using a 5mM [Fe(CN)6] 3-/4- solution. It is well-known
that the semicircle diameter in EIS is equal to the electron transfer
resistance (Ret) and that the linear part of the curve at low fre-
quency represents the diffusion process. As shown in Fig. 4B, when
rGO-TEPA was modified onto the electrode, the resistance
decreased (curve b) compared with the bare GCE (curve a), indi-
cating that rGO-TEPA accelerated the electron transfer of the elec-
trode. When AuNPs were electrodeposited onto the electrode, the
resistance decreased (curve c), indicating that AuNPs promoted
electron transfer between the electrode and the solution. After-
wards, a large semicircle diameter was observed when avidin was
dropped onto the electrode (curve d), implying that avidin was
successively immobilized onto the electrode. This larger diameter
might be attributed to an insulating layer of proteins hindering the
diffusion of electrons between the electrolyte and the electrode
surface [39]. After the electrode was incubated with the bio-
tinylated DNA tetrahedral probe (curve e), the Ret increased
dramatically due to the nonconductive property of DNA. Subse-
quently, with BSA blocked onto the electrode, the resistance
increased (curve f), indicating that the biosensor had indeed been
successfully fabricated.

To highlight the advantages of the DNA tetrahedral probe in
biosensors, we created two different types of capture probes, a DNA
tetrahedral probe and ssDNA capture probe; these were also
investigated by an EIS measurement. As shown in Fig. 4C, after the
DNA tetrahedral probe was immobilized on the modified electrode,
Ret increased (curve b) due to the negatively charged phosphate
backbone of the DNA tetrahedral probe, which produces an elec-
trostatic repulsion force to [Fe(CN)6]3-/4-. The semicircle was
smaller compared with the ssDNA oligonucleotide capture probe
modified electrode (curve c), indicating that the tetrahedral DNA
sed on C60NPs-PAMAM-PtPNPs to detect VKORC1 gene for guiding
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Scheme 1. (A) Preparation procedure of the detection probes. (B) Schematic illustration of the electrochemical DNA bioassay protocol.
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nanostructure had relatively low resistance. Therefore, compared
with the ssDNA probe, the DNA tetrahedral probe increased the
detection signal.

To demonstrate the role of TOAB in C60NPs-PAMAM-PtPNPs, CVs
of different modified electrodes were detected in PBS (pH¼ 7.4). As
shown in Fig. 4D, redox peaks were absence in the potential range
from -0.5 to 0.3 V when the GCE/rGO-TEPA/AuNPs/avidin/DNA
Please cite this article in press as: Y. Wan, et al., A novel DNA sensor b
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tetrahedral probe/BSA was incubated with target DNA and TOAB
without the C60NPs-PAMAM-PtPNPs-ssDNA detection probe (curve
a) and when the GCE/rGO-TEPA/AuNPs/avidin/DNA tetrahedral
probe/BSA was incubated with target DNA and the C60NPs-
PAMAM-PtPNPs-ssDNA detection probe without TOAB (curve b).
When the GCE/rGO-TEPA/AuNPs/avidin/DNA tetrahedral probe/
BSA was incubated with target DNA, C60NPs-PAMAM-PtPNPs-
ased on C60NPs-PAMAM-PtPNPs to detect VKORC1 gene for guiding
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Fig. 4. (A) CV characterization of electrodes at various stages of modification in a 5mM [Fe(CN)6] 3-/4- solution containing 0.1M KCl: (a) bare GCE, (b) GCE/rGO-TEPA, (c) GCE/rGO-
TEPA/AuNPs (d) GCE/rGO-TEPA/AuNPs/avidin, (e) GCE/rGO-TEPA/AuNPs/avidin/tetrahedral DNA, (f) GCE/rGO-TEPA/AuNPs/avidin/tetrahedral DNA/BSA; (B) EIS for each immobili-
zation step in 5mM [Fe(CN)6] 3-/4- containing a 0.1M KCl solution: (a) bare GCE, (b) GCE/rGO-TEPA, (c) GCE/rGO-TEPA/AuNPs (d) GCE/rGO-TEPA/AuNPs/avidin, (e) GCE/rGO-TEPA/
AuNPs/avidin/tetrahedral DNA, (f) GCE/rGO-TEPA/AuNPs/avidin/tetrahedral DNA/BSA in 5mM [Fe(CN)6]3-/4- containing a 0.1M KCl solution. (C) The EIS spectra for the different
modification steps: (a) GCE/rGO-TEPA/AuNPs/avidin; (b) GCE/rGO-TEPA/AuNPs/avidin/tetrahedral DNA; (c) GCE/rGO-TEPA/AuNPs/avidin/ssDNA in 5mM [Fe(CN)6] 3-/4- containing a
0.1M KCl solution. (D) CVs of different modified electrodes in 0.1M PBS after incubation with 1 nM target VKORC1 followed by successive incubation with C60NPs-PAMAM-PtPNPs-
ssDNA and TOAB (c); incubation with C60NPs-PAMAM-PtPNPs-ssDNA, but without TOAB (b); incubation with TOAB in the absence of the C60NPs-PAMAM-PtPNPs-ssDNA bio-
conjugate (a).
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ssDNA detection probe and TOAB, a pair of reversible redox peaks
appeared (curve c); the anodic and cathodic peak potentials
were �0.06 V and �0.15 V, respectively. This result demonstrated
that TOAB acted as a booster to trigger the inner redox activity of
the C60NPs-PAMAM-PtPNPs, which is critical in the fabrication of
biosensors.

3.4. Optimization of experimental conditions

The effects of the concentration of rGO-TEPA, deposition time of
AuNPs, concentration of avidin, concentration of tetrahedral DNA,
immobilization time of tetrahedral DNA and incubation time are
discussed in detail in the Supplementary Information (S2.1). As a
result, the following experiment were performed under the opti-
mized conditions when the concentration of rGO-TEPA was
2.0mgmL�1, deposition time of AuNPs was 30 s, concentration of
avidin was 100 ngmL�1, concentration of tetrahedral DNA was
10 nM, immobilization time of tetrahedral DNA was 10 h and the
incubation time was 60min.

3.5. Analytical performance of the DNA biosensor

To evaluate the sensitivity and quantitative range of the devel-
oped DNA biosensor under the optimal assay conditions, the per-
formance of the proposed biosensor was evaluated with different
concentrations of target DNA. As indicated in Fig. 5A, the DPV peak
currents increased with the increasing concentrations of target
Please cite this article in press as: Y. Wan, et al., A novel DNA sensor ba
rational clinical therapy with warfarin, Analytica Chimica Acta (2018), ht
VKORC1 in the sample solution. The sample solution containing
3mL of the serum sample was used for these experiments. In
addition, as shown in Fig. 5B, the calibration curve showed good
linear relationship between the DPV peak current changes (DI) and
the logarithm values of the VKORC1 concentrations over the range
of 1 pMe10 nM. The linear regression equationwas DI (mA)¼ 2.332
Lg C þ 1.707 (pM), with a correlation coefficient of 0.992. The
comparison of the time consume between the proposed biosensors
and other methods in literature was list in Table S3, which shows
that the proposed method enabled faster detect efficiency of
VKORC1. The detection limits were estimated to be 0.33 pM at a
signal-to-noise ratio of 3s (where s is the standard deviation of the
blank, n¼ 10). The proposed biosensor was also compared with
other biosensor which used C60. The results were shown that the
biosensor in this study enable a wild liner range and lower detec-
tion limits in Table S4. The lower detection limits might be attrib-
uted to the presence of nanomaterials with excellent conductivity,
which greatly amplifies the peak signals. The detection limits of the
developed DNA biosensor can be used to detect VKORC1-1639 G/A
in practical use.

3.6. Specificity, stability and reproducibility of the DNA biosensor

To investigate whether the biosensor could accurately interro-
gate a point-mutation, we challenged the biosensor with other
oligonucleotides, such as single-base mismatch (mismatch-1, wild
type), two-base mismatch (mismatch-2), three-base mismatch
sed on C60NPs-PAMAM-PtPNPs to detect VKORC1 gene for guiding
tps://doi.org/10.1016/j.aca.2018.01.028



Fig. 5. (A) DPV signals of the DNA biosensor in the presence of different concentrations of VKORC1 and (B) the calibration curve of the DNA biosensor for different concentrations of
VKORC1 (n¼ 3). (C) Specific response of the DNA biosensor spiked with blank, glucose, urea acid (UA) and ascorbic acid (AA) and after the biosensor was hybridized with mismatch-
1(Wild type), mismatch-2, mismatch-3, a random sequence and complementary VKORC1 (1 nM for each analyse). (D) The stability of the VKORC1 DNA biosensor (1 nM) after 0 d,
3 d, 7d, 15 d, 21 d, and 30 d.
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(mismatch-3) and non-complementary target (random). The re-
sponses of the biosensors were measured and are shown in Fig. 5C.
Compared with the current response obtained from 1 nM VKORC1-
1639 G/A, the responses caused by the mismatch sequences (1 nM
for each one) were weak and negligible and were as low as the
blank current. This indicated the high affinity of the biosensor to its
complementary DNA target and that the developed biosensor could
discriminate different DNA sequences effectively. The developed
biosensor was used for the samples challenged with other related
matrices, such as 50mM glucose, 50mM urea acid (UA) and 50mM
ascorbic acid (AA) (The concentrations of the above three inter-
fering substances are far beyond those in normal serum.). A nearly
negligible current change was obtained, which indicated that the
developed biosensor could potentially be used in clinical
application.

To evaluate the stability of the biosensor, we investigated long-
term storage. The biosensor was stored at 4 �C when it was not in
use and measured periodically. No obvious changes were observed
during the first 3 days of storage, and the current changed by less
than 1.6%. After 30 days of storage, it retained 87.49% of its initial
response to 1 nM target (Fig. 5D). The comparison of stability with
other reports was shown in Table S5. These results indicate the
good stability of the proposed biosensor, which might be ascribed
to the good biocompatibility of the C60NPs-PAMAM-PtPNPs and
rGO-TEPA.

To assess the reproducibility of the biosensor, the fabricated
electrodes were assessed by intra- and interassay relative standard
derivations (RSDs), as shown in Fig. S4 and Table S6 in the Sup-
plementary Information. The intra-assay precision of the developed
bioassay was calculated by detecting three samples containing 0.01,
1, and 10 nM of VKORC1. Each sample was measured five times
Please cite this article in press as: Y. Wan, et al., A novel DNA sensor b
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using five biosensors prepared in parallel. For different concentra-
tions of VKORC1, the intra-assay RSD values were less than 4.11%.
The interassay precision was estimated by measuring one sample
with three biosensors that were independently formed at the same
GCE. As observed in Table S3, the RSD values were less than 4.09%
for different concentrations of VKORC1. These results indicate that
the proposed bioassay possesses acceptable precision and
reproducibility.

3.7. Preliminary application of the DNA biosensor

The ultimate goal of developing a mutation-discriminating
biosensor was to enable the direct analysis of mutated sequences
in patient samples. Therefore, to test the potential application of the
biosensor for practical analysis, the biosensor was used to test the
recovery of three concentrations of VKORC1 in human serum
samples, referencing the reported methods [11]. Three concentra-
tions (1 pM, 0.1 nM and 10 nM) of VKORC1-spiked human serum
samples were prepared by the standard addition method. The
plasma samples were diluted to suitable concentrations with pH 7.4
PBS (1:10). It can be observed from Table S6 that the relative
standard deviations were in the range of 1.90e3.33% and that the
recoveries were in the range of 89.10e100.47%. These results show
that the developed biosensor might be preliminarily applied to
determine the presence of VKORC1 in real samples.

4. Conclusion

In summary, a novel DNA biosensor was successfully developed
in an electrochemical bioassay of VKORC1 using C60NPs-PAMAM-
PtPNPs as a redox probe and avidin-coupled rGO-TEPA/AuNPs as a
ased on C60NPs-PAMAM-PtPNPs to detect VKORC1 gene for guiding
tps://doi.org/10.1016/j.aca.2018.01.028
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substrate to immobilize a tetrahedral DNA capture probe. The
proposed method has the following advantages: (1) C60NPs-
PAMAM-PtPNPs are used as a redox probe in a DNA biosensor for
the first time and (2) a tetrahedral DNA capture probe is used for
the recognition of target DNA, and the capture probes exhibit good
orientation, controlled density at the biosensor interface, and
enhanced biosensor sensitivity by controlling the biomolecule-
confined surface to increase molecular recognition. Significantly,
the universal method demonstrated here opens up a new approach
for the determination of other relevant mutations occurring in
other types of disease. Therefore, the presence of multiple muta-
tions may be interrogated simultaneously, allowing for a more
detailed clinical prognosis.
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