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We developed a novel electrochemical biosensor for ultrasensitive
Hg?* detection via a triple signal amplification strategy of a DNA
dual cycle, organic—inorganic hybrid nanoflowers (Cuz(PO4), HNFs)
and gold nanoparticle (AuNP) probe. The DNA dual cycle was
triggered by exonuclease Ill (Exo Ill) in the presence of Hg?*, and
Cuz(PO4), HNFs were synthesized as an AuNP probe carrier. The
electrochemical biosensor displayed high stability, high sensitivity
and excellent specificity, which was improved by up to seven orders
of magnitude compared to the World Health Organization (WHO)
allowed Hg?* levels in drinking water. This signal amplification
strategy could be easily modified and extended to detect other
hazardous heavy metals and nucleic acids.

Environmental safety has always been a concern to people.
Mercury as one of the most widely used hazardous heavy metals
can cause great damage to living organisms at very low
concentrations.’™ The maximum allowable concentration of
Hg>" in drinking water is 2 ppb (10 nM) according to the World
Health Organization (WHO).*> The accumulation of mercury
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ions in the body causes severe damage to organs.®’ Therefore,
it is important to develop a sensitive method for detecting Hg*"
to protect the environment and human health.

Many traditional methods have been applied for monitoring
Hg*", including inductively coupled plasma mass spectrometry,’
oxidation reduction potential measurements’ and atomic absorp-
tion/emission spectrometry.'® However, these traditional methods
require time-consuming sample pretreatment, sophisticated equip-
ment and trained personnel, making them unsuitable for routine
monitoring. To solve these problems, researchers have developed
various alternative methods for Hg*" detection, such as fluorescence
analysis," * photoelectronchemistry'® and electrochemistry."
Among these methods, electrochemical strategies have attracted
much interest owing to their simplicity, high sensitivity, fast
response and low cost, and have been widely used in biological
analysis, clinical detection and environmental monitoring."® How-
ever, electrochemical strategies for detecting Hg>" are still limited by
their low selectivity. Hg®" can make two thymine bases speci-
fically bind to form a stable thymine-Hg>'-thymine (T-Hg”*-T)
complex.”” ™ Based on this particular combination, several types
of electrochemical biosensors have been designed to detect Hg>*
and exhibit high selectivity.”**!

To improve the sensitivity, nicking endonuclease® and exo-
nuclease III (Exo I1T)"” have been introduced for target recycling to
realize signal circle amplification.>*> Moreover, materials with a
high surface area, such as AuNPs,'>*® carbon nanotubes® and
graphene oxide*® have been studied for signal amplification.
However, these materials are either expensive or complex to make.
Therefore, a simple and cheap material is urgently needed. Ge
used Cu®" as an inorganic component and a variety of proteins as
organic components to synthesize organic-inorganic hybrid nano-
flowers (Cu,(PO,), HNFs).?® The Cus(PO,), HNFs were synthesized
simply without using any hazardous reagents and displayed high
surface area, good stability and greatly enhanced -catalytic
activity.>® The material has been applied in nanocatalysis, enzyme
reaction and proteomic analysis. Subsequently, Cu;(PO,), HNFs
can be used in Hg>" sensitive detection systems.
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Scheme 1 Schematic of the preparation of an electrochemical biosensor
for Hg?" detection based on triple signal amplification.

Herein, we report a novel Hg>" detection electrochemical
biosensor based on the triple signal amplification strategy of a
DNA dual cycle, Cuz(PO,), HNFs and a AuNP probe. As shown
in Scheme 1. The first strategy of the DNA dual cycle amplifica-
tion was triggered by Exo III to digest the thymine base rich
(T-rich) DNA formed through T-Hg>*-T coordination to release
Hg”" for the next cycle. Simultaneously, large amounts of report
DNA (RDNA) were released to form a new double stranded DNA
(dsDNA) structure with hairpin 2 (HP2) on the electrode.
Subsequently, the introduction of hairpin 3 (HP3) opened the
new dsDNA to release RDNA again for the next cycle. After the
DNA dual cycle amplification, the special probe was eventually
formed on the electrode. Cu;(PO,4), HNFs were synthesized via
a facile green synthetic method. AuNPs labeled with the c-probe
were effectively anchored on the Cuz(PO,), HNFs (c-probe/
AuNPs/Cu;(PO,), HNFs), thus improving the distribution
homogeneity of the AuNPs and improving their efficiency.
Then, the c-probe/AuNPs/Cu;(PO,), HNFs were connected
to the probe on the electrode. Finally, AuNPs modified with
r-probe (r-probe 1 and r-probe 2 marked with ferrocene) were
connected by the c-probe on the Cu;(PO,), HNFs, resulting in
further electrochemical signal amplification. The results sug-
gest that the proposed electrochemical biosensor displays
remarkable amplification efficiency, rapid response, and high
sensitivity and selectivity for the detection of Hg>". This strategy
was successfully applied to detect Hg”" in spiked water samples.

The morphology and size of the c-probe/AuNPs/Cu;(PO,),
HNFs was characterized via scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). As shown
in Fig. 1A and B, the synthesized sample displays a flower-like
nanostructure with high uniformity and good dispersion. The
size of the nanocomposites was 7 £+ 1.5 pm. The TEM image
reveals that the AuNPs were successfully loaded on the nano-
materials (Fig. 1C). As shown in Fig. 1D, the AuNPs are small
particles with a diameter of approximately 20 nm that are
scattered on the surface of the nanomaterials. The selected
area electron diffraction (SAED) pattern in Fig. S1 (ESIT) confirms
that the composite material has a polycrystalline structure. The
high-angle annular dark-field-scanning transmission electron
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Fig.1 (A and B) SEM images and (C) TEM images of the c-probe/AuNPs/
Cusz(POy4), HNFs; (D) HRTEM image and SAED pattern of the c-probe/
AuNPs/Cusz(PO4), HNFs; (E) HAADF-STEM image and (F-I) STEM-EDX
mapping analyses of the c-probe/AuNPs/Cuz(PO4), HNFs.

microscopy (HAADF-STEM) image (Fig. 1E), energy dispersive
X-ray (EDX) pattern (Fig. S2, ESIT) and scanning transmission
EDX (STEM-EDX) mapping analyses (Fig. 1F-I and Fig. S3, ESI{)
demonstrated the presence of Cu, P, O, C, N and Au in the
nanomaterials, corresponding to the chemical nature of the
material.
Fourier-transform infrared (FT-IR) spectroscopy was
employed to further characterize the chemical formation of
the c-probe/AuNPs/Cuz(PO,), HNFs. As shown in Fig. 2A, the
FT-IR spectrum of BSA, distinctive absorption peaks occurred at
3445-3296, 3061, 2950-2860, 1655, 1539, and 1242 cm ™', which
were attributed to the -OH, amide A (-NH), and C-H, amide I
(C=0), amide II (N-H bending and C-N stretching vibrations)
and amide III, respectively.”’ In the FT-IR spectrum of
Cu;(PO,),-5H,0, the absorption bands at 605 and 1050 cm ™"
are caused by the bending vibration and asymmetrical stretching
of the P-O bond. A strong and wide band at 3421 cm™*
corresponds to the asymmetric and symmetric vibrational
modes of the O-H bond of the physisorbed H,0 molecules.*>
In comparison with the bands of BSA and CuSO,-5H,0, the
FT-IR spectrum of the c-probe/AuNPs/Cu(PO,), HNFs exhibits
all the characteristic absorption bands of the above mentioned
groups. The new peaks at 561, 991 and 1147 cm ™' were attri-
buted to the in-plane bending vibration of PO; , symmetric
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Fig. 2 (A) FT-IR spectra of BSA, CuSO4-5H,0 and the c-probe/AuNPs/
Cuz(PO4), HNFs. (B) XRD pattern of the Cuz(PO4), HNFs and c-probe/
AuNPS/CUz(PO;;)z HNFs.
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stretching vibrations of the PO}~ and asymmetrical stretching of
PO3 .3 Hence, BSA and the c-probe were assembled into the
Cu;(PO,), HNFs successfully.

The crystalline nature of the c-probe/AuNPs/Cus(PO,), HNFs
and Cu;(PO,), HNFs were analyzed by X-ray diffraction (XRD).
As shown in Fig. 2B, the positions and relative intensities of all
of the diffraction peaks of the Cu;(PO,), HNFs and the c-probe/
AuNPs/Cu;(PO,), HNFs can be well matched to the standard
cards of Cuz(PO,), (00-022-0548), indicating that the c-probe/
AuNPs/Cu;(PO,), HNFs were well crystallized.

The stepwise fabrication process of the proposed biosensor
was monitored via cyclic voltammetry (CV), as shown in Fig. 3A.
Compared with the low signal of the bare GCE (curve a), the
oxidation peak current of GCE modified with AuNPs (curve b)
was significantly enhanced, because the increased active sur-
face area of the AuNPs/GCE accelerated the electron transfer.
After incubating HP2 on the AuNPs/GCE, an obvious decrease
in the current was observed due to HP2 blocking the electron
transfer tunnel (curve ¢). When blocking occurred with HT, the
oxidation peak current decreased (curve d). After the immobi-
lization of RDNA, the oxidation peak current increased (curve e)
because the hybridization reaction between HP2 and RDNA
reduced the steric hindrance. After incubating with HP3, the
peak current decreased again (curve f), indicating that the
surface of the electrode was modified successfully with HP3.

Electrochemical impedance spectroscopy (EIS) was
employed to study the modification process of the electrode
surface layers. As shown in Fig. 3B, a small semicircle of the
bare GCE (curve a) was observed, and after GCE was deposited
in HAuCl, (curve b), the electron transfer resistance signifi-
cantly decreased because the AuNPs enhanced the electrical
conductivity. When the electrode was modified with HP2, the
impedance value increased (curve c). Then, an increased impe-
dance value was observed after dropping HT on the electrode
(curve d) because the nonspecific binding sites were blocked by
HT. Subsequently, the impedance values decreased (curves e)
upon incubation with RDNA due to the reduced electrostatic
repulsion of the oligonucleotide strands and steric hindrance
from the stem-loop structures. Finally, the impedance slightly
increased after incubating with HP3 (curves f), which was
ascribed to the immobilized HP3 increasing the thickness of
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Fig. 3 Signal change of the (A) CV and (B) EIS during the biosensor

fabrication process in 5 mM [Fe(CN)el*~/4~ with 100 mM KCL. From curve

a to curve f: (a) bare GCE, (b) AuNPs/GCE, (c) HP2/AuNPs/GCE, (d) HT/

HP2/AuNPs/GCE, (e) RDNA/HT/HP2/AuNPs/GCE and (f) HP3/RDNA/HT/

HP2/AuNPs/GCE.
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the interface and reducing the effective area. The above results
indicate that the electrochemical biosensor was fabricated
successfully.

To achieve the best performance of the biosensor, we
systematically optimized the effects that the experimental con-
ditions have on the designed biosensor. The concentration of
HP1 increased from 1 to 5 uM, and the signal changes (Af) for
Hg®" reached a maximum when the concentration of HP1
increased to 4 uM (Fig. S6A, ESIT). Thus, 4 pM of HP1 was
considered to be the optimum incubation concentration. The
dosages of the Exo III enzyme and the nicking time substan-
tially influenced the proposed biosensor. The results are shown
in Fig. S6B (ESIt). With an increase in the dosages of Exo III, the
signal changes (Ai) in the square wave voltammetry (SWV)
measurements increased and reached a maximum at 4 U.
Therefore, 4 U of Exo III was used in the following experiments.
The current signal changes (Af) gradually increased with an
increase in the nicking time of Exo III until a stable value was
reached after 60 min (Fig. S6C, ESIf). Hence, 60 min was
chosen as the best nicking time for the following study.

The analytical performance of the electrochemical biosensor
was investigated under optimized experimental conditions. As
shown in Fig. S7 (ESIt), we can see that the peak current was
10.32 pA in the DNA dual cycle. After immobilising the
Cu;(PO,), HNFs, the peak current increased to 15.36 pA. The
peak current further increased to 18.41 pA after incubating the
AuNP probe. This demonstrated that the current signal was
amplified step by step through three amplification strategies.
In Fig. 4A, the electrochemical signals of Hg** at different
concentrations in the range of 1 fM to 10 nM were determined.
With an increase in the concentration of Hg*", the response
signals of the electrochemical biosensor were enhanced. Fig.
S5B (ESIt) shows a highly linear relationship between Ai and
the logarithmic concentration of Hg>" (IgC). The regression
equation can be represented as Ai (nA) = 14.38293 + 3.236551g C
(R* = 0.99844) with a limit of detection (LOD) of 0.19 fM, as
calculated using the traditional approach.”

Compared with other previously reported methods for Hg**
detection, the proposed electrochemical biosensor exhibited
better analytical performance (Table S1, ESIf). This electro-
chemical biosensor displayed a lower LOD and wide linear
response range in terms of analytical performance, which can
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Fig. 4 (A) SWV of the biosensor at different Hg?* concentrations from
(a—g) at 1.00 fM, 10.00 fM, 0.10 pM, 1.00 pM, 10.00 pM, 0.10 nM and
10.00 nM. (B) Calibration curve of Ai against the logarithm of the Hg?*
concentrations.

Chem. Commun.


https://doi.org/10.1039/d0cc07268k

Published on 09 December 2020. Downloaded by Auckland University of Technology on 12/22/2020 1:04:29 AM.

Communication

be ascribed to the amplification of the mercury ion signal by
triple signal amplification.

To investigate the selectivity of the Hg?" assay, we studied
the electrochemical current signals in the presence of Cu®",
Ni**, K*, Fe**, Pb*", Co**, zn** and Cd”>" using the electro-
chemical biosensor. The concentrations of Hg>* and other
metal ions were 10 pM and 10 nM respectively. Compared to
the current response in the presence of Hg>*, the electro-
chemical response of the biosensor in 10 nM of other interfering
metal ions was negligible, and the signal changes (Ai) of the
mixture did not display any significant decrease (Fig. S8, ESIT).
The results illustrate that our electrochemical biosensor exhibits
excellent specificity for Hg** detection.

To study the feasibility of the electrochemical biosensor for
use in practical applications, different concentrations of Hg*"
were determined three times using standard addition methods
in drinking water samples. The relative standard deviations
(RSD) and recovery rates are listed in Table S2 (ESI{), with the
results indicating that the RSD was lower than 4.55% and the
recoveries are between 94.30% and 106.91%, indicating that
the electrochemical biosensor has a potential application for
Hg>" detection in actual water samples.

In summary, we demonstrated a novel electrochemical
biosensor for ultrasensitive Hg®" detection and signal amplifi-
cation was achieved via the triple signal amplification strategy
of a DNA dual cycle, Cus(PO,), HNFs and AuNP probe. The
prepared Cus(PO,), HNFs exhibited a large surface area and
high stability and the material was used as a carrier for an
AuNP probe. The electrode, Cuz(PO,), HNFs and AuNP probe
were specifically connected by DNA. The sensitivity of the Hg>"
detection was greatly enhanced via the triple signal amplifica-
tion strategy. Under optimal conditions, the electrochemical
biosensor exhibited a good linear response range from 1 fM to
10 nM with a LOD of 0.19 fM (S/N = 3). This detection limit is
approximately eight orders of magnitude more sensitive than
the WHO allowed Hg>" levels in drinking water. These findings
suggest the potential applications of the biosensor in actual
samples. This signal amplification strategy has great potential
application for use in the detection of other DNA and RNA
targets.
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