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Abstract

The shape-controlled synthesis of gold nanocrystals via shape induction of hexadecyltrimethylammonium chloride, po-
tassium bromide, and potassium iodide and enantioselective direction of L-cysteine is reported. The resulting gold
nanocrystals (STO-Au) offer spiny trisoctahedron nanostructures with good monodispersity and enhanced exposed
high-index facets and high catalytic activity. Construction of the electrochemical sensing platform for MON89788 gene
involves the modification of STO-Au, thionine (Thi), and labeled bipedal DNA probe 1 or 2 (P1 or P2) for target DNA—
induced recycling amplification. In the detection, two surface DNA probes were immobilized on gold electrode via the Au-
S bond. Then, hairpin DNA 1 (H1), Thi-STO-Au-P1, and Thi-STO-Au-P2 self-assemble into two-dimensional DNA
nanopores (DNPs) on the electrode surface. Target DNA hybridizes with hairpin DNA 2 (H2) to open hairpin structure
of H2. The opened H2 binds with H1 in the DNPs to release Thi-STO-Au-P1, Thi-STO-Au-P2, and target DNA by
toehold-mediated strand-displacement. The utilization of target DNA—induced recycling allows one target DNA to release
2N STO-Au-labeled DNA strands, promoting significant signal amplification. The detection signal is further enhanced by
the catalyzed redox reaction of Thi with STO-Au. The differential pulse voltammetric signal, best measured at —0.18 V vs.
Ag/AgCl, decreases linearly with increasing concentration of MON89788 in the range 0.02—-8 x 10* fM, and the detection
limit is 0.0048 fM (S/N = 3). The proposed method was successfully applied for electrochemical detection of MON89788
gene fragments in the PCR products from genetically modified soybean.

Keywords Nanomaterials - Transgenic soybean - Voltammetric method - Enzyme-free amplification - Regeneration-free
biosensor

Introduction

DNA detection has been widely applied in disease diagnosis
Electronic supplementary material The online version of this article [1], food safety [2], biological identification [3], and archeol-
(https://doi.org/10.1007/s00604-020-04467-5) contains supplementary ogy [4]. The main techniques for the detection of DNA are
material, which is available to authorized users. fluorescence [5], polymerase chain reaction (PCR) [6],
surface-enhanced Raman spectroscopy (SERS) [7], colorimet-
ric method [8], and electrochemical sensor [9]. The fluores-
cent method offers high sensitivity and selectivity, but it often
suffers from background fluorescence interference from
biomacromolecules. The PCR is one classical quantitative
! School of Chemical and Material Engineering, Jiangnan University, ~ method for the detection of DNA, but it requires complex

Wuxi 214122, China sample pretreatment, expensive equipment, and skilled oper-
2 Lihu Road 1800, Wuxi 214122, Jiangsu, China ator. The SERS has high sensitivity, but the instability of
National Graphene Product Quality Supervision and Inspection detection signal limits its applications. The colorimetric meth-

Center, Jiangsu Province Special Equipment Safety Supervision and od is rapid, inexpensive, and user-friendly. However, its sen-
Inspection Institute Branch, Wuxi 214071, China sitivity is much lower than that of fluorescence and SERS.

P4 Zaijun Li
zaijunli@jiangnan.edu.cn

P4 Yonggiang Yang
yqyang@wxtjy.com

Published online: 10 August 2020 Q) Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00604-020-04467-5&domain=pdf
https://doi.org/10.1007/s00604-020-04467-5
mailto:zaijunli@jiangnan.edu.cn
mailto:yqyang@wxtjy.com

494 Page 2 of 11

Microchim Acta (2020) 187:494

Electrochemical biosensor has attracted more attention be-
cause of its high sensitivity, simple operation, and low-cost
[10]. Numerous investigations have examined various
nanomaterials as the electrochemical DNA biosensors to im-
prove the analytical performance, such as silver [11], gold
[12], palladium [13], platinum [14], graphene, and titanium
dioxide [15]. Gold nanomaterial is the most frequently used
electrochemical sensing material due to its facile synthesis,
easy surface modification, special catalytic ability, and bio-
compeatibility [16, 17].

Great effort has been devoted to synthesis of gold
nanomaterials to increase the surface area, electrical conduc-
tivity, and exposure of high-index facets [18]. Large surface
brings high exposure of gold atoms, improving the catalytic
activity. Taj and co-workers reported the synthesis of ultra-
small gold augmented graphene via the reduction of HAuCl,
using Caryota mitis extract as the reducing agent [19]. The
resulting gold nanoparticles have the particle size of 2-8 and
were successfully applied in the electrochemical detection of
uric acid as low as 30 nM. Qin and co-workers developed
hollow gold nanoparticles via the reduction of HAuCl, and
AgNO; with ascorbic acid [20]. The resulted gold nanocrystal
displays a hydrangea-like hollow structure. It has been used as
the catalyst with a high SERS activity to monitor the reduction
reaction. However, the smaller the particle size is, the larger
the interface resistance. As a result, small or hollow gold
nanomaterial often gives a relatively low electrical conductiv-
ity. The researches have demonstrated that the construction of
core-shell structure and particle clusters is an effective ap-
proach to improve the electrical conductivity of gold nanopar-
ticles [21]. Our group reported a palladium@gold nanoalloy-
graphene multiple aerogel [22]. In the nanoalloy, palladium
nanocube as the core enhances the electrical conductivity, and
gold nanoparticles as the shell improve the catalytic activity.
Chuang and co-workers reported the synthesis of gold
nanodandelions by growth of gold seeds in the presence of
gelatin [23]. Owing to high density of atomic steps, ledges,
kinks, and dangling bonds, the high-index facets of gold nano-
crystal often give a much better catalytic activity compared
with the low-index facets [24]. However, high-index facets of
gold nanocrystal are rapidly enclosed by low-index facets
during the crystal growth process. To overcome the problem,
several polyhedron gold nanocrystals with more exposed
high-index facets were developed and used for construction
of electrochemical biosensors [25]. However, synthesis of
polyhedron gold nanocrystals with excellent catalytic behav-
ior for electrochemical detection of DNA still faces a great
challenge up to now.

In this study, we report one strategy for shape-controlled
synthesis of gold nanocrystals via shape induction of
hexadecyltrimethylammonium chloride, potassium bromide,
and potassium iodide and enantioselective direction of L-cys-
teine. The resulting spiny trisoctahedron gold nanocrystal
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(STO-Au) shows high catalytic activity. The electrochemical
biosensor based on the STO-Au and target DNA recycling
amplification achieves high sensitivity, specificity, and
repeativity. The proposed method has been successfully ap-
plied in electrochemical detection of MON89788 gene frag-
ments in the PCR products from genetically modified
soybean.

Experimental
Reagent and materials

Chloroauric acid (HAuCl,), L-cysteine,
cetyltrimethylammonium chloride (CTAC), L-ascorbic acid,
potassium bromide (KBr), potassium iodide (KI), 6-
mercaptohexan-1-ol (MCH), thionine (Thi), and tris(2-
carboxyethyl) phosphine hydrochloride (TCEP) were pur-
chased from Sigma-Aldrich Co. LLC (Shanghai, China). All
nucleic acids used were synthesized and purified by Sangon
Biotech. Co., Ltd. (Shanghai, China). The sequences of all
oligonucleotides are listed in Table s1. The DNA stock solu-
tion was prepared in Tris/Mg/K buffer containing 20 mM
Tris-HCI, 1 mM MgCl,, 1 mM CaCl,, and 5 mM KCI at
pH 7.4, and stored at —20 °C. Other reagents used were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Phosphate-buffered saline (PBS, pH 7.4,
Na,HPO4-KH,PO,4-NaCl-KCl, 0.01 M) was prepared.
Ultrapure water (18.2 M2 cm) purified from Milli-Q purifi-
cation system was used throughout the experiment.

STO-Au synthesis

The ascorbic acid solution (0.45 mL, 50 mM) was added into
9.55 mL of the HAuCly solution containing CTAC, KBr, and
KI (HAuCly: 0.73 mM, CTAC: 15.7 mM, KBr: 5.03 uM, KI:
0.503 uM) under stirring. The solution was incubated at 20 °C
for 30 min, followed by centrifugation at 5500 rpm for 1 min
and washing three times with ultrapure water. The collected
TO-Au was re-dispersed in 3 mL of ultrapure water to obtain a
TO-Au stock solution. The above procedure was also used for
the preparation of spherical gold nanoparticles (S-Au) unless
no addition of CTAC, KBr, and KI.

The HAuCl, solution (200 uL, 10 mM) was added into
4.86 mL of the mixed TO-Au solution, containing 0.25 mL
of the TO-Au stock solution, 15 mM CTAC, 10 uM KBr,
1 uM K1, and 0.1 uM L-cysteine. The ascorbic acid solution
(475 pL, 50 mM) was added into the above solution and then
incubated at 20 °C for 3 min. It was treated by centrifugation
at 5500 rpm for 1 min and washing three times with ultrapure
water. The collected STO-Au was re-dispersed in 0.5 mL of
ultrapure water to obtain a STO-Au stock solution.
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Redox probe preparation

The P1 solution (100 uL, 10 uM) was mixed with an equal
volume of TCEP solution (1 mM) and then incubated at 20 °C
for 60 min to activate the —SH groups in P1. The STO-Au
stock solution (100 puL) was added and then incubated at
ambient temperature for 12 h. It was treated by the addition
of Thi solution (200 pL, 0.1 mM), incubation in air-bath of
25 °C with vibrating at 250 rpm overnight, centrifugation at
12000 rpm for 10 min, and washing with the Tris-HCI of
pH 7.4. The collected Thi-STO-Au-P1 was re-dispersed in
the Tris-HCI of pH 7.4. The above procedure was also used
for the preparation of Thi-STO-Au-P2 except replacing P1
with P2. The as-prepared Thi-STO-Au-P1 and Thi-STO-Au-
P2 were stored at 4 °C until use.

Sensor preparation

The S1 solution (100 uL, 10 uM) was mixed with an equal
volume of TCEP solution (1 mM) and then stirred for 60 min
to activate S1 [26]. The procedure was also used to activate
S2. The activated S1 was mixed with an equal volume of the
activated S2. A total of 10 uL of it was dropped on the surface
of pre-treated gold electrode (GE, 1 mm in diameter) [27] and
then incubated at ambient temperature for overnight. The ob-
tained S1-S2/GE was washed with PBS (pH 7.4, 0.1 M NaCl)
to remove free S1 and S2 and then dried with N, current. After
that, 5 puL of the 6-mercapto-1-hexanol (MCH) solution
(1 mM) was dropped on the surface of S1-S2/GE and then
incubated at room temperature for 60 min to block unmodified
active sites. The obtained MCH/S1-S2/GE was washed with
the PBS of pH 7.4, dried with N, current, and stored at 4 °C
before use in sequence.

DNA extraction and PCR amplification

The soybean sample of 200500 mg was freeze-dried in liquid
nitrogen and then ground to powder. The powder sample was
added into the concentrated digestion solution of 10 mL and
incubated in water-bath for 48 h at 25 °C, followed by centri-
fugation at 12000 rpm for 4 min. The collected precipitate was
dispersed in 100 mL of the sterilized distilled water. The DNA
in the sample solution was immediately extracted according to
instructions of Plant Genomic DNA Kit (Sangon Biotech Co.,
Ltd. Shanghai, China). The concentration of DNA was mea-
sured by the absorbance at 260 nm.

The PCR amplification was performed on the Eppendorf
Mastercycler Gradient PCR system by using the reported pro-
cedure [25]. The obtained PCR products were used as real
samples for the electrochemical detection of MON89788 gene
fragments. For the detection, the PCR products were quanti-
fied, serially diluted, and denatured to single-stranded DNA

by incubation at 95 °C for 10 min and immediately frozen in
ice for 2 min before use.

MON89788 detection

The annealed H1 (10 uL, 1.0 uM) was mixed with the Thi-
STO-Au-P1 (10 pL, 1.0 uM) and Thi-STO-Au-P2 (10 uL,
1.0 uM). A total of 10 pL of it was dropped on the surface of
MCH/S1-S2/GE and then incubated at 37 °C for 100 min to
form two-dimensional DNA nanoprobes (DNPs). The obtain-
ed DNP/MCH/S1-S2/GE was washed with PBS (pH 7.4,
10 mM) and then dried in N, current.

The target DNA standard solution or sample solution
(5 uL) was mixed with the annealed H2 (5 uL, 2 puM).
Then, it was dropped on the surface of DNP/MCH/S1-S2/
GE, followed by incubation at 37 °C for 120 min and washing
with PBS (pH 7.4, 10 mM). Finally, the modified electrode
was immersed in the PBS buffer (pH 7.4, 10 mM) containing
0.1 M NaCl for the cyclic voltammety (CV) and differential
pulse voltammetry (DPV) measurements.

Results and discussion
STO-Au synthesis

The synthesis of STO-Au includes two steps (Fig. 1). The first
step is to make trisoctahedron gold nanocrystals (TO-Au) via
the reduction of HAuCl, with ascorbic acid in the presence of
CTAC, KBr, and KI. Here, CTA™ was assigned as the soft
template. The template provides the micron-scale spaces for
reduction of Au®* and growth of gold nanocrystals. As a re-
sult, the formed gold nanocrystals have a large particle size of
50-200 nm [28]. Three halogen anions were assigned as the
shape inducers to control the growth of gold nanocrystals.
Many studies demonstrate that the specie and amount of hal-
ogen anion (X ) may seriously influence the morphology and
size of gold nanocrystals [29]. Because different Miller-index
surfaces of gold nanocrystals have a different adsorption ca-
pacity towards X, different crystal facets show a different
growth rate. This leads to the formation of different gold
nanocrystals with different morphologies [30]. Further re-
search reveals that C1', Br, and I play different roles in the
shape-controlled synthesis of gold nanocrystals [31]. To
achieve the synergy of CI, Br, I', and CTA" in the shape
control, the mixture of CTAC, KBr, and KI was employed for
the shape-controlled synthesis of TO-Au. As shown in Fig. s1,
the resulting TO-Au displays trisoctahedron nanostructures
with uniform morphology and a large side length of 125 nm.
In this step, X also can react with Au’* to form the AuX,
complex. This decreases reduction potential of Au®* and leads
to a faster reduction of Au®*. As Aul, has a lower reduction
potential compared with AuCl, and AuBr, , the introduction

@ Springer



494 Page 4 of 11

Microchim Acta (2020) 187:494

Fig. 1 Scheme for synthesis of
STO-Au
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of KI can accelerate the reduction of Au®* and subsequent
crystal growth. As a result, the synthesis of TO-Au can com-
plete in a low temperature of 20 °C and a short time of 30 min.

The second step is the shape-controlled growth of TO-Au
in the presence of CTAC, KBr, K1, and L-cysteine. In this step,
the same mixed medium composing of CTAC, KBr, and KI
for the preparation of TO-Au was used to keep the trisoctahe-
dron nanostructure of gold nanocrystals. L-Cysteine as the
chiral shape inducer was used for fabricating spiny gold shell.
The Au-S bonding and other interactions between the func-
tional groups in L-cysteine molecule and Au™ are involved in
the shape-controlled growth of TO-Au. As the interaction be-
tween L-cysteine and gold nanocrystals offers high
enantioselectivity, the enantioselective interactions at the in-
terface between L-cysteine and gold nanocrystals result in an
asymmetric evolution of TO-Au [32]. In addition, KI can also
accelerate the growth of gold nanocrystals and structural evo-
lution. Thus, the synthesis of STO-Au only requires the
growth of 3 min at 20 °C.

Structural characterization

Figure 2 shows SEM, TEM, and HRTEM images and elemen-
tal mappings of the as-synthesized STO-Au. The results of the
SEM and TEM analysis indicate that STO-Au has spiny
trisoctahedral nanostructures with an average side length of
225 nm. The formation of such a structure is due to the special
synthesis strategy of STO-Au. On the one hand, the shape
induction of CTAC, KBr, and KI makes trisoctahedron gold

@ Springer

nanocrystals with the side length of 200 nm. On the other
hand, the enantioselective-directed growth of L-cysteine cre-
ates spiny gold nanocrystals with the particle size of 25 nm.
The synergy of the above functions achieves to trisoctahedron
gold@spiny gold core-shell structures with good
monodispersity and more exposed high-index facets. In the
structure, large gold nanocrystals as the core increase the elec-
trical conductivity. Small spiny gold nanocrystals as the shell
give large specific surface and highly exposed high-index
facets. The former helps to improve the contacts between
electrolyte and redox molecules. The latter brings a better
catalytic activity. The integration of large gold core with small
gold shell creates an outstanding catalytic behavior [33]. On
the HRTEM image, there is an interplanar spacing of 0.18 nm,
corresponding to the (111) plane of Au nanocrystal. The ele-
mental mappings indicate the spatial distributions of Au, S,
and I elements in the STO-Au. All elements show uniform
distribution, verifying that these elements were involved in
the formation and growth of gold nanocrystals. Further, EDS
analysis was used to determine the element composition of
STO-Au (Fig. s2; Table s2). The atomic percentages of Au,
CL Br, I, and S are 94.28, 1.93, 1.4, 0.13, and 2.27, respec-
tively. As S element only comes from L-cysteine, a high S
context proves a strong affinity between gold nanocrystal
and L-cysteine molecule during the gold crystal growth
process.

Figure 3 shows the XRD patterns of STO-Au, TO-Au, and
S-Au. On the XRD pattern of each gold nanocrystal, there are
eight XRD diffraction peaks at 38.18°,44.39°, 64.57°, 77.55°,
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Fig. 2 SEM (a), TEM (b—d), HRTEM (e), and elemental mappings of Au (f), S (g), I (h), and EDS layered image (i) of STO-Au
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Fig. 3 XRD patterns of STO-Au, TO-Au, and S-Au

81.72°, 98.13°, 110.80°, and 115.26°, corresponding to the
(111), (200), (220), (311), (222), (400), (311), and (420) faces
of fcc gold nanocrystals. As all XRD patterns are well
matched with those of fcc gold (JCPDS 4-0784), the above
result demonstrates that the reduction of HAuCl, with ascor-
bic acid can form the fcc gold nanocrystals in the absence and
the presence of shape inducers. However, STO-Au, TO-Au,
and S-Au display a significant difference in the XRD diffrac-
tion intensity of high-index facets. In the absence of shape
inducer, the reduction of HAuCl, with ascorbic acid forms
spherical gold nanoparticles (S-Au). Among STO-Au, TO-
Au, and S-Au, the high-index facet of S-Au offers the weakest
XRD diffraction intensity, such as the (311), (222), (400),
(311), or (420) facets. This is because in the absence of shape
inducer the growth of low-index (111) and (200) facets is
much faster than that of high-index (311), (222), (400),

@ Springer
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(311), and (420) facets. With the reduction of Au*, high-index
facets are rapidly enclosed by low-index facets during the
crystal growth process. This leads to the formation of spheri-
cal gold nanoparticles. The TO-Au has more exposed (311),
(222), (400), (311), and (420) facets compared with S-Au.
This is attributed to the shape induction of CTAC, KBr, and
KI. In the presence of CTA*, KBr, and KI, CI', Br ,and I can
selectively adsorb on the different crystal facets. This adsorp-
tion increases the free energy of crystal facets and leads to a
reduced growth rate. More importantly, the selective adsorp-
tion on the different crystal facets will reduce the difference in
the growth rates between the low-index facets and high-index
facets of gold nanocrystals. As a result, the resulting gold
nanocrystals exhibit more exposed high-index crystal facets
when a relatively short growth process was adopted for the
synthesis. The STO-Au gives the highest XRD diffraction
intensity of high-index facets. The XRD diffraction intensity
of (331) facet is more than 3.7-fold that of TO-Au. This is
mainly due to the asymmetric evolution of gold nanocrystals
caused by L-cysteine. The more exposure of high-index facets
leads to an improved catalytic activity of gold nanocrystals,
which has been demonstrated by the results of SERS analysis
(Fig. s3).

Sensing principle

Thi-STO-Au-P1 and Thi-STO-Au-P2 were designed as the
redox probes for the construction of electrochemical sensing
platform for the detection of MON89788 gene (Fig. 4).
Firstly, hairpin DNA 1 (H1), Thi-STO-Au-P1, and Thi-
STO-Au-P2 self-assemble into the two-dimensional DNA
nanopores (DNPs) on the surface of MCH/S1-S2/GE. The

formation of DNPs leads to the immobilization of Thi-STO-
Au-P1 and Thi-STO-Au-P2 on the electrode surface. The ox-
idation and reduction of Thi molecules under the in situ catal-
ysis of STO-Au produce a sensitive electrochemical response.
Then, target DNA hybridizes with hairpin DNA 2 (H2) by
base pairing to open hairpin structure of H2. The opened H2
will bind with H1 in DNPs, leading to the collapse of DNPs.
The collapse of one DNP removes two redox probes from the
electrode surface and brings a reduced electrochemical re-
sponse. With the collapse of DNP, target DNA is released
from Target-H2 hybrid. The released target DNA uses to open
another H2, triggering the next target DNA recycling. By
target DNA recycling, one target DNA can remove 2N redox
probes from the electrode surface. This produces significant
signal amplification. The signal amplification will be further
improved by STO-Au. Large size and high chemical activity
make one STO-Au bind thionine molecules (z>1). In situ
catalysis of STO-Au towards redox of thionine increases the
electrochemical response. The above factors greatly improve
the sensitivity for the detection of MON89788 gene.

To prove the feasibility of the proposed sensing platform
for the detection of MON&9788, the CV and EIS behaviors of
different electrodes were investigated in 1 mM Fe(CN)g*~
Figure 5a and b indicate that the S1-S2/GE has a lower CV
current density and a higher electron transfer impedance (R
compared with the bare GE. The immobilization of S1 and S2
partly blocks the channels for the electron transfer between
electrode and electrolyte, leading to a reduced CV current
density and an increased R... When modified with MCH, the
CV current density further decreases with increasing R,. This
is because the modification of MCH on the electrode surface
blocks more channels for the electron transfer. However,

Fig. 4 Tllustration of
electrochemical sensing platform
for detection of MON89788
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DNPs/MCH/S1-S2/GE displays the highest CV current den-
sity and the smallest R... Due to high electrical conductivity
and catalytic activity, the STO-Au accelerates the redox of
Fe(CN)s*~ on the electrode surface. This leads to an increased
CV current density and a reduced R The result also verifies
the formation of DNPs on the electrode surface. When the
electrode was incubated in the mixed H2 solution containing
target DNA (MON89788), the CV current density obviously
decreases with increasing R. In the presence of target DNA,
the incubation results in the removal of redox probes from the
electrode surface. This brings a reduction in the CV current
density and increase in the R, because of the decrease of
electrical conductivity. The result also demonstrates that the
target-induced signal amplification was triggered in the pres-
ence of target DNA. The change in the electrochemical signal
before and after the incubation can be used for the detection of
MONR89788.

Electrochemical response to MON89788

The CV and DPV behaviors of DNP/MCH/S1-S2/GE incu-
bated in the H2 solution with and without target DNA were
studied in the PBS of pH 7.4. Figure 5c and d indicate that the
incubation cannot cause obvious change in the CV and DPV
currents in the absence of target DNA. Because the base se-
quences that can hybridize with H1 are embedded in the hair-
pin structure of H2, H2 cannot bind with H1 in the DNPs to

release the redox probes from the electrode surface. As a re-
sult, no obvious change in the CV and DPV currents can occur
in the incubation. However, the incubation produces an obvi-
ous reduce in the CV and DPV currents in the presence of
target DNA. This is because in the presence of target DNA
MONS89788 hybridizes with H2 to open the hairpin structure
of H2. The opened H2 binds with H1 and leads to collapse of
DNPs. With the collapse of DNPs, many redox probes were
released from the electrode surface. This produces an obvious
decrease in the CV and DPV current, because of reducing
number of redox probes on the electrode surface. The change
in CV or DPV signal caused by the incubation can be used for
electrochemical detection of MON89788. Compared with the
CV measurement, the DPV technique has a more sensitive
electrochemical response to the same concentration of
MONR89788. Therefore, the DPV technique was employed
for the electrochemical detection of MON8978S.

In one detection, only a small part of DNPs were collapsed
on the electrode surface; thus, the proposed biosensor can be
directly used for the next detection of MON89788 after the
detection was completed. To evaluate the reusability of the
biosensor, the biosensor was repeatedly used to measure 2.0
fM target DNA by using the same procedure. Figure s4 pre-
sents change in the DPV peak current caused by 2.0 fM target
DNA (Al,) at different detection times. Each of the detections
produces a similar Al, when the detection time is less than
220, indicating a good reusability.

@ Springer
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Analytical characteristics

The conditions for construction of DNPs and detection of
MONR89788 were optimized and the results are shown in
Fig. s5-9. The optimized conditions were 1 uM of the redox
probe and 120 min of incubation time at 37 °C for the con-
struction of DNPs and 120 min of incubation time at 37 °C for
the detection of MON89788.

To prove the practicability for the detection of MON89788,
DNP/MCH/S1-S2/GE was incubated in 2 x 10 M of the
annealed H2 solution containing different concentrations of
target DNA and its DPV curves were measured in the PBS
under the optimized conditions. Figure 6a shows that the DPV
current reduces with increasing target DNA. At a higher con-
centration of target DNA, more redox probes were removed
from the electrode surface due to faster target DNA recycling
reaction. This leads to a reduction in DPV current. Further,
Fig. 6b indicates a linear dependence with the logarithm of
MON89788 concentration in the range of 0.02-8 x 10* fM.
The linear regression equation is /,(uA) at —0.18 V vs. Ag/
AgCl=—2.2687 x Log[Ciarget DN, TM] + 14.489, with a cor-
relation coefficient (R%) 0f 0.994. The detection limit (LOD) is
0.0048 fM for the detection of MON®89788 (S/N = 3), indicat-
ing a high sensitivity. The sensor was stored at 4 °C. Then, it is
taken out every other week and used for the detection of 1.0
fM MONS89788 gene. Two months of storage only causes 5%
change in DPV peak current, verifying good stability.

To assess the contribution of STO-Au towards sensitivity,
another electrochemical sensing platform was constructed and
its analytical parameters for MON89788 were measured by
the same procedure except for S-Au instead of STO-Au in
redox probes. The linear range and LOD are 3.5-9 x 10° fM
and 1.8 fM, respectively. The data indicates that the sensitivity
of biosensors with STO-Au is more than 375-fold that of
biosensor with S-Au. The improved sensitivity is attributed
to special structure of STO-Au. Large size and more exposed
high-index facets of STO-Au greatly enhance the catalytic
activity of gold nanocrystals. This helps to improve the sensi-
tivity for electrochemical detection of MON89788.

DPV response in single-base mismatched MON8§9788 (S-
DNA), two-base mismatched MON89788 (T-DNA), and non-
complementary MON89788 (N-DNA) was investigated to
evaluate the specificity of proposed biosensor. Figure s10
shows that only T-DNA causes obvious reduction in DPV
peak current. S-DNA, T-DNA, and N-DNA lead to small
decrease in DPV peak current. The peak current in S-DNA,
T-DNA, or N-DNA is close to that in blank solution. This is
due to incomplete complementary between base pairs. S-
DNA, T-DNA, or N-DNA cannot hybridize with H2 to open
hairpin structure of H2. Thus, H2 does not bind with H1 and
triggers the target DNA recycling. As no redox probes were
removed from the electrode surface, the DPV response still
tends to stable. The results verify that the proposed biosensor
has good specificity for MON89788.

Comparison with other methods

For the sake of comparison, analytical parameters of different
electrochemical sensors for detection of DNA are listed in
Table 1. Firstly, the proposed biosensor gives the highest sen-
sitivity, which is much better than that of other methods. This
is mainly attributed to the use of STO-Au for target DNA
recycling amplification. Due to high catalytic activity, the cat-
alytic effect of STO-Au on the redox of Thi will significantly
improve the response towards DNA. This achieves to ultra-
sensitive detection of MON®89788. Secondly, the special de-
sign of target DNA—induced recycling amplification brings a
high specificity. Only target DNA can trigger the recycle re-
action and produces a sensitive electrochemical signal. This
achieves high selectivity for detection of MON89788.
Thirdly, the proposed biosensor offers a good repeatability.
This is due to no use of any biological enzymes. This avoids
the problems caused by the instability of biological enzymes
and leads to high stability and repeatability for detection of
DNA. However, the proposed method took some more time
for detection of DNA and there is still something for improve-
ment in the future.

Fig. 6 a DPV curves of DNP/ a b
MCH/S1-S2/GE incubated in 0.0, 20 20
0.02,0.08, 0.2, 2, 8, 20, 30, 200,
800, 2000, 8000, 20,000, 80,000, 16 ~ 16
and 100,000 fM target DNA in - =)
the PBS of pH 7.4 (from bottom é—lz ] :g 12
to top). b The relationship curve = @
of DPV peak current at —0.18 V ¢ =
vs. Ag/AgCl () with the loga- s 8 = 81
rithm of target DNA o g
concentration 41 y A 44
-0.4 -0.3 -0.2 -0.1 0 0.1 -1.8 -07 04 15 26 37 48
Potential (V) Log (Cyionssrssy TM)
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Table 1 Analytical parameters of different electrochemical sensors for detection of DNA
Sensing material Detection technique DNA species Linear range (fM)  Detection ~ Ref.
limit (fM)
Fe;0,@Au Chronocoulometry Gene sequence of 0.1-0.01 0.045 [17]
transgenic soybean
Graphene and TiO, Differential pulse voltammetry MON®89788 1x10°-1 x 10° 721 [25]
Au Differential pulse voltammetry =~ DNA methylation 10-10x 10° 4 [34]
Doxorubicin-Au Differential pulse voltammetry  Circulating tumor DNA 0.1-1x10° 0.29 [35]
LAMP-H"-Au Square wave voltammetry Flu A virus biomarker DNA ~ 0.1-1 x 10® 0.018 [36]
AgDNCs-DNA-AgNCs Differential pulse voltammetry ~ EBV-related DNA 1-1 % 10° 0.38 [37]
Tetrahedral DNA nanostructures ~ Differential pulse voltammetry ~ MicroRNA-21 0.1-100 0.04 [38]
and G-quadruplex—hemin
Cross-shaped DNA origami Differential pulse voltammetry =~ MicroRNA 1 %1071 x 107 79.8 [39]
Au-MOF-5 Differential pulse voltammetry ~DNA 1x10°-1 x 10 50 [40]
Polyaniline-graphene Differential pulse voltammetry ~ HIV DNA 0.5-1.0 x 105 0.1 [41]
Ferrocene-poly(amidoamine) Differential pulse voltammetry ~ Breast cancer gene 13x10°-2x107  3.8x10° [42]
STO-Au Differential pulse voltammetry MON®89788 0.02-8 x 10* 0.0048 Present work

Sample analysis

The as-proposed biosensor was applied in electrochemical
detection of MON89788 gene sequences in PCR products
from genetically modified soybean and non-genetically mod-
ified soybean. The recovery experiment was carried out by
adding known concentration of target DNA into PCR product
from non-genetically modified soybean sample. The spiked
concentration of MON89788 gene was based on the informa-
tion with experimental evidences [17]. Table 2 indicates that
the recovery is in the range of 96.4-105% and RSD (n =5) is
between 2.3 and 4.2%, verifying that the biosensor has good
recovery and applicability. The DPV curves of the proposed
biosensor incubated in the H2 solution in the absence (blank)
and the presence of PCR products from the non-genetically
modified soybean (non-GM) and genetically modified soy-
bean (GM) were measured. Figure s11 indicates that the incu-
bation in the non-GM only brings very low change in DPV
response. However, the incubation in GM produces obvious

decrease in DPV response. The significant difference of DPV
signals between non-GM and GM verifies that the proposed
biosensor can effectively detect the PCR product of soybean
samples.

Conclusions

We have demonstrated the synthesis of spiny trisoctahe-
dron gold nanocrystal and its use for construction of elec-
trochemical MON89788 gene biosensor. The sensitivity of
DNA biosensor was greatly improved due to double signal
amplification of spiny trisoctahedron gold nanocrystal and
target DNA—induced recycling reaction. The detection limit
of target DNA was obtained at 0.0048 fM. The technique
has been successfully applied in soybean sample detection,
and it provides a promising electrochemical platform for
detection of DNA in disease diagnosis, food safety, biolog-
ical identification, and archeology.

Table 2 The results for

electrochemical detection of Samples Target DNA added (fM) MONS89788 gene fragments Recovery (%)
MON89788 sequence in PCR found by the proposed method (fM)
products from soybean samples
(N=5) 1# 0.0 No found
100.0 98.3+1.8 98.3
2# 0.0 No found
500.0 511.3 £6.2 102
3# 0.0 No found
1000.0 977.0 £4.7 97.7
4# 0.0 No found
1000 1050.2 £8.9 105
S# 0.0 No found
5000 4820.4 +12.6 96.4
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