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Abstract: Hg?*, a highly toxic heavy metal, poses significant environmental and health risks, ne-
cessitating rapid detection methods. In this study, we employed an electrochemical aptasensor for
rapid and sensitive detection of Hg?* based on DNA strands (H2 and H3) immobilized graphene
aerogels-Au nanoparticles (GAs-AuNPs) hybrid recognition interface and exonuclease III (Exo III)-
mediated cyclic amplification. Firstly, Gas-AuNPs were modified on the surface of the ITO electrode
to form a sensing interface to increase DNA loading and accelerate electron transfer. Then, DNA
helper was generated with the addition of Hg?* via Exo Ill-mediated cycling. Finally, the hairpin
structures of H2 and H3 were opened with the DNA helper, and then the methylene blue (MB)
functionalized DNA (Al and A2) combined with the H2 and H3 to form an H-shaped structure. The
current response of MB as an electrochemical probe was proportional to the concentration of Hg?*.
Under optimal conditions, the aptasensor showed excellent performance for Hg2+, achieving a linear
range from 1 fM to 10 nM and a detection limit of 0.16 fM. Furthermore, the aptasensor was used to
detect Hg2+ in spiked milk samples, achieving a high recovery rate and demonstrating promising
application prospects.

Keywords: graphene aerogels—Au nanoparticles; Hg2+ ; H-shaped; aptasensor; milk sample

1. Introduction

The issue of heavy metal pollution has emerged as a pressing global environmental
concern owing to the continuous progress of industrialization. Heavy metals, including
Hg?*, Pb?*, Cu?*, and Cd?*, are known to exhibit high toxicity and bioaccumulation effects.
These typical heavy metal ions can enter the human and animal body through the food
chain, thereby posing serious threats to health [1]. Among them, Hg?* is considered one
of the most toxic heavy metal ions, which can lead to various diseases, such as immune
dysfunction, kidney disease, and cardiovascular disease, upon accumulation in the human
body [2]. The China Food and Drug Administration has stipulated the maximum allowable
limit of Hg?* in milk to be 49.9 nM [3]. Therefore, it is of utmost importance to develop a
rapid, accurate, and sensitive method for detecting Hg?* to ensure food safety.

Although traditional methods for detecting Hg?*, such as atomic absorption spec-
troscopy (AAS) [4], surface-enhanced Raman scattering (SERS) [5], inductively coupled
plasma mass spectrometry (ICP-MS) [6], and atomic fluorescence spectroscopy (AFS) [7]
offer high sensitivity and efficiency, they are associated with expensive equipment, well-
trained operators, and lengthy preprocessing times [8]. In recent years, many colorimet-
ric [9], fluorescent [10], and electrochemical sensors have been developed as effective tools
for Hg?* detection [11]. Among these methods, electrochemical aptasensors are becoming
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increasingly favored by researchers due to their low consumption, rapidity, stability, and
high sensitivity. However, the complex composition and extremely low concentration of
actual samples present higher requirements for electrochemical sensors, which need to be
addressed in future research.

Recent studies have highlighted the potential of nanocomposite materials to signifi-
cantly enhance the performance of electrochemical sensors [12]. By combining different
materials, nanocomposites can leverage their individual strengths and generate new proper-
ties through synergistic effects. Among the various materials being investigated, graphene
and graphene-derived materials have emerged as popular areas of study. Graphene aero-
gels (GAs), a type of graphene-based carbon material, possess a unique three-dimensional
network structure that offers highly specific surface area, porosity, conductivity, and low
density [13]. GAs can be combined with other materials to form composites with enhanced
properties. For instance, Lu et al. [14] synthesized GAs-Ui0-66-NH; by in situ growing
metal-organic frameworks (Ui0-66-NH;) on GAs. This GAs composite material can simul-
taneously detect four heavy metal ions, Cd?*, Pb?*, Cu?*, and Hg2+, with detection limits of
9nM, 1 nM, 8 nM, and 0.9 nM, respectively. Similarly, Zhi et al. [15] utilized graphene oxide
(GO) doped with molybdenum disulfide (MoS,) as the raw material and embedded the
Au and Fe304 nanoparticles (NPs) into GO-doped MoS; and prepared porous composite
aerogels (CAs) with the hydrothermal method. The CAs not only can sensitively detect
mercury ions in aqueous solution with a detection limit of 3.279 nM but also have fast
desorption ability.

Aptamers, which are single-stranded DNA or RNA sequences obtained with sys-
tematic evolution of ligands with exponential enrichment (SELEX) technology, have the
ability to specifically bind to receptors [16]. Due to their low cost, high specificity, high
stability, and easy labeling, aptamers have been extensively developed into aptasensors [17].
Ono and Togashi demonstrated that Hg?* can specifically bind two thymine bases (T),
forming a stable T-Hg?*-T complex [18]. Based on this specific binding, several types of
electrochemical aptasensors have been designed to detect Hg?* with high selectivity. For
example, Zhang et al. [19] constructed an electrochemical aptasensor for Hg?* detection
based on the structure change of a single-stranded DNA rich in T sequences labeled with
methylene blue (MB) and specific T-Hg?"-T coordination, which has high selectivity and
sensitivity with a detection limit of 0.62 fM. Similarly, He et al. [20] developed an electro-
chemical aptasensor for the ultrasensitive detection of Hg?* using a DNA double-loop
signal amplification strategy. In the presence of Hg?*, a specific T-Hg?"-T was formed, and
then exonuclease III (Exo III) triggered the DNA double loop. The aptasensor showed high
stability, sensitivity, and good specificity, with a detection limit of 0.19 fM. Wang et al. [21]
devised an innovative dual-target electrochemical biosensor with high sensitivity for the
detection of Pb?* or Hg?" in water. In the presence of Hg?*, it forms a complex structure
known as thymidine—Hg2+—thymidine (T—Hg2+—T) on the aptamer chain, leading to signal
attenuation. Conversely, in the presence of Pb?*, the DNA single strand S2 dissociates and
binds to Pb?*, subsequently triggering Exo I to selectively cleave the single strand from
the recognition site. This process accomplishes cyclic amplification of the electrochemical
signal. The biosensor demonstrates a linear detection range spanning from 100 pg/L to
10.0 mg/L, with detection limits of 82.05 nM for Pb2* and 59.85 nM for Hg2+.

The present study employs a triple signal amplification strategy, which offers several
advantages over other detection methods. Firstly, the use of a GAs-AuNPs composite
as a DNA immobilization platform facilitates electron transfer and enhances the amount
of DNA immobilization, thereby reducing the response time and expanding the linear
detection range. Secondly, Exo III enzyme-assisted cycling cleaves DNA, leading to an
increased amount of DNA helper and a reduced detection limit. Finally, the modification
of MB-modified DNA (A1l and A2) into an H-shaped structure enhances the stability of the
electrochemical aptasensor, resulting in an amplified electrochemical response signal of
MB. These three strategies synergistically contribute to the highly sensitive and selective
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detection of Hg?*. Importantly, the newly fabricated Hg?* aptasensor could also be applied
in real milk sample detection.

2. Experimental Section
2.1. Reagents

Exonuclease III (Exo III) was purchased from Sangon Biotech Co., Ltd. (Shanghai,
China). Graphene oxide (GO) was obtained from Xianfeng Nanomaterials Technology
Co., Ltd. (Nanjing, China), while 6-mercapto-1-hexanol (MCH, C¢H;40S) was purchased
from Aladdin (Shanghai, China). Microporous membrane (Material: Organic Nylon;
Diameter: 13 mm; Pore Size: 0.45 pm) was purchased from Taimei Biotechnology Co., Ltd.
(Nantong, China). Tetrahydrate chloroauric acid (HAuCly-4H,0) was purchased from
Nanjing Chemical Reagent Co., Ltd. (Nanjing, China). N, N-dimethylformamide (DMF),
and mercury ion standard solution (Hg?*) were purchased from Macklin Biochemical
Co., Ltd. (Shanghai, China). Sodium citrate (C¢Hs5Na3zOy7-2H,0), potassium ferrocyanide
(K3[Fe(CN)g]), potassium ferricyanide (K4[Fe(CN)¢]), potassium chloride (KCI), acetone
(C3HgO), ethanol (C;HgO), concentrated sulfuric acid (H,SO4), concentrated hydrochloric
acid (HCI), sodium chloride (NaCl), and magnesium chloride (MgCl,) were purchased
from China National Pharmaceutical Group Chemical Reagent Co., Ltd. (Shanghai, China).
All chemicals utilized in this work were of analytical quality and did not necessitate further
processing. The aqueous solution employed in the experiment was formulated using
distilled water.

2.2. Instrumentation

The morphologies and structures of the prepared electrodes were characterized with
a scanning electron microscope (SEM, EV0-18, Carl Zeiss AG, Jena, Germany), high-
resolution transmission electron microscope (HRTEM, JEM-2100F, JEOL, Tokyo, Japan),
Fourier transform infrared spectrometer (FT-IR-850, Tianjin Gangdong Technology Co.,
Tianjin, China), X-ray Diffractometer (XRD, XD-3, Beijing Pulse Analyzer General In-
strument Co., Beijing, China), and Raman spectrometer (XploRA Plus, HORIBA, Kyoto,
Japan). All electrochemical measurements were conducted on a CHI 660E electrochemi-
cal workstation (Shanghai Chen Hua Instruments Co., Ltd., Shanghai, China) utilizing a
standard three-electrode system. This system consisted of a GAs-AuNPs-modified ITO
working electrode, a platinum wire counter electrode, and a saturated calomel reference
electrode (SCE).

2.3. Fabrication of the GAs-AuNPs Sensing Electrode

In order to achieve clean surfaces, the ITO substrates were initially subjected to ultra-
sonication in acetone, ethanol, and pure water for 10 min each. The electrode area, with
a diameter of 4 mm, was then regulated using perforated insulating tape. Afterwards, a
solution of 1.0 mg of GAs-AuNPs powder in 1.0 mL of DMF was prepared using ultrasoni-
cation to obtain a dispersion of GAs-AuNPs with a concentration of 1.0 mg mL~!. Finally,
a droplet of 10 pL from the dispersion was applied onto the bare electrode, which was then
allowed to air-dry naturally to obtain the GAs-AuNPs/ITO electrode.

2.4. Fabrication of the Hg?* Aptasensor

All DNA sequences are shown in Table S1. The schematic representation of the
Hg?* aptasensor design is illustrated in Scheme 1. Firstly, the thiolated H2 and H3 were
covalently immobilized on the GAs-AuNDPs electrode surface to form H2-H3/GAs-AuNPs,
and then the remaining active sites were effectively passivated with 2 mM MCH for 2 h. In
the presence of Hg?*, the cycling of Exo Il was initiated with the aid of a mixed solution
containing H1 (3 uL, 10 uM), primer (3 uL, 5 uM), and Exo III (10 puL, 4 U uL~1), resulting
in a marked enhancement in the generation of DNA helper. Subsequently, the 10 uL of
DNA helper solution obtained above was incubated on the electrode surface to open the
hairpin structure of H2 and H3 at 37 °C for 2 h. Finally, 10 uL of a mixture of DNA (Al
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and A2) was dropped onto the electrode surface and incubated at 37 °C for 2 h, and the
response current of MB was measured using differential pulse voltammetry (DPV).
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Scheme 1. Schematic protocol of the electrochemical Hg?* aptasensor.

2.5. Pretreatment of Real Samples

To assess the practical utility of the aptasensor developed in this study, we employed
it to detect Hg?* in real milk samples. Prior to electrochemical detection, commercially
purchased milk underwent pretreatment. Specifically, 1 mL of whole milk was mixed with
9 mL of acetonitrile and shaken for 5 min. The resulting mixture was then subjected to
centrifugation at a speed of 8000 r min~! for 10 min, and the supernatant was filtered
through a 0.45 um microporous membrane. The resulting supernatant was subsequently
dried in a vacuum oven at 25 °C and reconstituted with 1 mL of distilled water [3]. The milk
extract was then analyzed using the standard addition method with varying concentrations
of Hg?*.

3. Results and Discussion
3.1. Characterization of Morphology and Composition of GAs-AuNPs

GAs composites are good candidates for the development of biosensors due to their
excellent properties, such as a rich pore structure, large surface area, high conductivity, low
density, and good biocompatibility [22,23]. In this study, a GAs-AuNPs-modified electrode
was obtained and characterized by different characterization techniques. The morphology
and structure of the GAs-AuNPs composite were characterized using SEM and TEM. As
shown in Figure 1A, the stacked sheet-like porous structure was clearly observed, and the
TEM image in Figure 1B shows a wrinkled and cross-linked structure, indicating that a
GAs was successfully synthesized [14]. The SEM image of the GAs-AuNPs composite is
shown in Figure 1C, which indicates the uniform distribution of AuNPs on the surface of
the GAs.
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Figure 1. SEM images of (A) GAs and (C) GAs-AuNPs; TEM image of (B) GAs; (D) FI-IR spectra of
GO and GAs; (E) XRD spectrum of GO, GAs, and GAs-AuNPs; (F) Raman diagrams of GO, GAs, and
GAs-AuNPs.

The chemical structures of GO and GA samples were also analyzed with FI-IR. As
shown in Figure 1D, the absorption peaks at 3446 em 1, 1725 em ™, 1628 em 1, 1386 cm 1,
and 1118 cm~! correspond to the stretching vibration of the -OH functional group, the
stretching vibration of the -C=0O functional group, the stretching vibration of the -C=C
functional group, the stretching vibration of the -C-O functional group, and the stretching
vibration of the -O- functional group in GO, respectively. In the FT-IR spectra of GAs, the
intensities of the functional groups (-OH, -C=0, -C=C, -C-O, and -O-) are significantly
reduced, indicating that the graphene aerogel prepared with the hydrothermal method
formed a network of interconnected porous structures [24-26].

Figure 1E shows the XRD patterns of the samples GO, GAs, and GAs-AuNPs. The
GO curve has a sharp diffraction peak at 11.3°, which is the graphene (002) plane. The
GAs curve has a broad and relatively sharp diffraction peak at 22.04°, which indicates the
reduction in GO [25,27]. According to the JCPDS (NO.04-0784), the XRD pattern of the GAs-
AuNPs composite has four diffraction peaks at 37.8°, 44.1°, 64.5°, and 77.6° corresponding
to the (111), (200), (220), and (311) crystal faces of the AuNPs, respectively. Meanwhile,
the diffraction peak of the (111) plane of the AuNPs is significantly higher than the other
peaks [28,29].

Similarly, the Raman spectra of the samples of GO, GAs, and GAs-AuNPs are shown
in Figure 1F. The D band represents the degree of disorder in the carbon material, and the
G band represents the degree of sp? hybridization. The degree of defects in the carbon
material can be represented by the intensity ratio of the D band to the G band (ID/IG) [30].
Each curve has two obvious peaks at 1345.2 cm ™! and 1593.2 cm ™!, corresponding to the
D band and the G band, respectively. The larger the ID/IG ratio, the greater the defects
in graphene [31]. The ID/IG of GO is 0.75, and the ID/IG of GAs is 0.93, indicating the
disappearance of the large sp? plane in the surface carbon skeleton and the formation of a
large number of graphene sheets [32]. However, the ID/IG of GAs-AuNPs is 0.89, which is
lower than that of GAs, indicating that the introduction of AuNPs led to a change in the
sp2 carbon network [33].
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3.2. Electrochemical Characterization of the Hg?* Aptasensor

The influence of the preparation method of the GAs-AuNPs composites on their con-
ductivity was investigated, and the electrochemical properties of the GAs-AuNPs-modified
electrode were studied, as detailed in the Supplementary Materials. The process of con-
structing the electrochemical aptasensor was characterized using CV and EIS. Figure 2A
shows the CV curves of the bare electrode (curve a) and the electrodes after different modifi-
cation steps: the GAs-AuNPs-modified electrode (curve b). H2-H3/GAs-AuNPs-modified
electrode (curve c), passivated with MCH (curve d), helper/H2-H3/GAs-AuNPs-modified
electrode (curve e), and A1-A2/helper/H2-H3/GAs-AuNPs-modified electrode (curve
f). A pair of well-defined redox peaks was observed for the GAs-AuNPs-modified elec-
trode. When H2 and H3 were immobilized onto the electrode surface, the peak current
decreased significantly. This is due to the electrostatic repulsion of the DNA on the elec-
trode surface, which has a large number of negatively charged phosphate groups, against
[Fe(CN)e]>~/4~ [34]. Subsequently, the nonspecific binding sites were blocked with MCH,
and the response current continued to decrease. In the presence of Hg?*, DNA strand
helper was released via the Exo IlI-mediated cyclic amplification process. The electrode was
further modified with the obtained DNA strand helper, which was bound to the electrode
surface with H2 and H3 through complementary base pairing, further reducing the re-
sponse current. Finally, hybridization with Al and A2 further reduced the response current.
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Figure 2. CV (A) and EIS spectra (B) at different modification steps: (a) bare electrode, (b) GAs-AuNPs,
(c) H2-H3/GAs-AuNPs, (d) MCH/H2-H3/Gas-AuNPs, (e) helper/MCH/H2—-H3/GAs-AuNPs,
(f) A1-A2/helper/MCH/H2-H3/GAs-AuNPs.

Meanwhile, the modification process was assessed using Electrochemical Impedance
Spectroscopy (EIS), as depicted in Figure 2B. Initially, the bare electrode (curve a) exhibited
the interfacial charge-transfer resistance (R.) value of 156 (2, indicating relatively sluggish
electron transfer on its surface. However, upon modification with GAs and AuNPs (curve
b), the R value significantly decreased to 17 (), suggesting enhanced electron transfer due
to the presence of GAs and AuNPs. Subsequently, the electrode surface was immobilized
with H2 and H3 (curve c), leading to an increased R value of 84 (). This elevation can be
attributed to the electrostatic repulsion between the negatively charged oligonucleotides
and the negative [Fe(CN)g]>~/4~ probe. To determine the fractional surface coverage (6)
of H2 and H3 on the electrode, the formula 8 =1 — (Rexp)/Ret)) X 100% was employed,
where R.yp) and Ry ) represented the Ry values of the bare GAs-AuNPs electrode and
the H2- and H3-modified electrode, respectively. Consequently, a 8 value of 80% was
calculated, signifying a relatively high coverage of H2 and H3 [35]. Further modifications
were performed sequentially on the electrode, involving the addition of MCH (curve
d), helper (curve e), and Al and A2 (curve f). These subsequent modifications caused
an incremental increase in R values to 132 (), 190 ), and 274 (), respectively. The
observed rise in R values indicates the successful construction of the Hg2+ aptasensor.
In summary, the characterization of the modification process using EIS demonstrated
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the progressive transformation of the electrode, with improved electron transfer upon
the incorporation of GAs and AuNPs. The immobilization of H2 and H3, followed by
the subsequent modifications, resulted in elevated R values, ultimately confirming the
successful construction of the Hg?* aptasensor.

3.3. Signal Amplification Using H-Shaped Structure

In order to improve the sensitivity of the detection method, a signal amplification
process using the H-shaped structure was applied. A comparison was made between the
electrode modified with H2 and H3, H2 only, and H3 only. When 1 pM Hg?* was added
to the system, different DPV plots were obtained after different procedures, as shown in
Figure 3. The current responses of MB of the H2- and H3-modified electrode (curve b), the
H2-modified electrode (curve c), and the H3-modified electrode (curve d) were 2.321, 1.365,
and 1.371 pA, respectively. These results strongly suggest that the H-shaped structure
caused a 1.7-fold increase in current compared to the electrode modified with H2 or H3.

2.5

1.0 |

Current / uA

05F

0.0

0.6 -0.4 -0.2 0.0 0.2 0.4
Potential / V

Figure 3. DPV diagrams obtained with the electrode modified with different conditions: (a) without
H2 and H3; (b) with H2 and H3; (c) with H2 only; (d) with H3 only.

3.4. Optimization of Experimental Conditions

To ensure optimal detection performance for Hg?*, we optimized several experimental
parameters for the prepared sensing platform. Specifically, we focused on the amount of
GAs-AuNPs, the dosage of the mixture of H2 and H3, the Exo III digestion time, and the
dosage of DNA primer.

The amount of GAs-AulNPs on the electrode is a critical factor that directly affects the
performance of the electrochemical sensor. In this study, the concentration of GAs-AuNPs
was fixed at 1 mg mL~!. As shown in Figure 4A, the response current of the electrode
to [Fe(CN)6]3’/ 4- gradually increased as the droplet dosage of GAs-AuNPs ranged from
2 uL to 10 puL. This increase was due to the introduction of GAs-AuNPs, which accelerated
the transfer of electrons on the electrode surface. As the dosage was further increased, the
response current remained stable owing to the tendency of the thicker GAs-AuNPs film to
drop off [36]. Therefore, from an economic point of view, we chose 10 uL as the optimal
amount of GAs-AuNPs in this work.

The dosage of H2 and H3 immobilized on the surface of GAs-AuNPs as capture probes
can significantly affect the performance of the Hg?* aptasensor, as the construction of the
sensing interface is crucial. Therefore, optimizing the amount of H2 and H3 is necessary.
At a fixed concentration of 5 M for the mixture of H2 and H3, it was observed from the
curve in Figure 4B that as the mixture dosage increased from 4 to 10 uL, the peak current
of [Fe(CN)s]*>~/4~ decreased. This was due to the negatively charged oligonucleotide
phosphate backbone, which prevented [Fe(CN)]>~/4~ from approaching the electrode
surface. The peak current then stabilized, indicating the saturation of H2 and H3 immo-
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bilization. Therefore, 10 puL of the mixture of H2 and H3 dosage was sufficient for the
subsequent experiments.
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Figure 4. Effects of (A) GAs-AuNPs dosage and (B) H2 and H3 mixture dosage on the CV peak
in 5 mM [Fe(CN)g]?—/4~ containing 0.1 M KCl. Effects of (C) Exo IIl enzyme digestion time and
(D) DNA strand primer dosage on the DPV peak of aptasensor in PBS (pH 7.4).

The digestion time of Exo III directly affects the detection limit of electrochemical
sensors. In order to achieve a more thorough hydrolysis of double-stranded DNA, an
amount of 10 pL of Exo III at a concentration of 4 U puL.~! was chosen in this study. The
optimization curve of Exo III digestion time is presented in Figure 4C. The peak current
demonstrated an increase as the digestion time was prolonged from 20 to 80 min, after
which it stabilized. Therefore, 80 min was accepted as the optimum digestion time.

The DNA primer plays a crucial role in the Exo III cycling system of the sensor, as it
determines the ability to form T—Hg2+—T with H1 and Hg2+. Thus, optimizing the amount
of primer is essential. In this work, a concentration of 5 uM was used, and the optimization
curve of the dosage of DNA chain primer was presented. As shown in Figure 4D, with the
amount of primer increasing from 1 to 3 uL, the response current of MB gradually increased.
However, when the amount of primer continued to increase, the response current almost
stabilized, indicating that the reaction between the primer and H1 in the solution had
reached saturation level. Therefore, 3 uL was selected as the optimal amount.

3.5. Detection Performances of Hg?* Electrochemical Sensor

The DPV curves were obtained under optimized conditions, and the results showed
that the DPV peak current increased as the concentration of Hg?* increased from 0 fM
to 10 nM, as shown in Figure 5A. Meanwhile, a linear relationship between the value
of peak current changes (Al) and the logarithm of Cpyo. (lgCHg2+) ranging from 1 fM to
10 nM is shown in Figure 5B. The linear regression equation is Al = 0.3743 lgCHg2+ +1.6974

m 2
(R? = 0.9932), with a limit of detection (LOD) of 0.16 M (LOD = 3/ Z=1(bh) /g 3743 1
is the signal of blank sample, m = 5). The method presented herein exhibits a detection limit
seven orders of magnitude lower than the inductively coupled plasma mass spectrometry
utilized in the National Standard of the People’s Republic of China [37]. This indicates
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our ability to detect mercury ions at far lower concentrations, an achievement attributable
to the triple amplification design of this strategy. Moreover, our method also meets the
requirements of the China Food and Drug Administration for the limit of Hg?* in food.
To further substantiate the superiority of our work, we performed a comparative analysis
of the linear detection range and detection limit of the aptasensor as reported in other
literature. From Table 1, it can be seen that our method has a lower detection limit compared
to other detection methods and meets higher standard requirements, indicating that our
sensor has promising prospects for applications.
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35F
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Figure 5. (A) DPV diagrams of the aptamer sensor for different concentrations of Hg2+: (@)0,(b) 1M,

(c) 10fM, (d) 0.1 pM, (e) 1 pM, (f) 10 pM, (g) 0.1 nM, (h) 1 nM, (i) 10 nM; (B) The linear fitting diagram

of the change value of DPV peak current and the log value of Hg?* concentration.

Table 1. Comparison of performance of several aptasensors for detecting Hg2+.

Methods Linear Range LOD References
SERS 0.01 uM-0.1 mM 9.83 nM [38]
Fluorescence 0-500 nM 9.2 nM [39]
Luminescence 0-0.03 M 48 uM [40]
Fluorescence 0-40 uM 0.12 uM [41]
Electrochemical 1 fM-10 nM 0.19 ftM [20]
Electrochemical 0.2-2000 pM 0.12 pM [42]

Electrochemical 1 fM-10 nM 0.16 M This work

3.6. Specificity, Reproducibility, and Stability of the Electrochemical Biosensor

In order to assess the feasibility of the proposed method, we conducted a compre-
hensive investigation into the specificity, reproducibility, and stability of the aptasensor.
To evaluate the specificity of this aptasensor, we examined the potential interference of
other metal ions, including Mg2+, Pb%*, Ca?*, Na*, K*, Cd%*, and Cr®*. The evaluation was
carried out by recording the current response (Ip) induced with blank or other metal ions
and Hg?*. As shown in Figure S3A, the Ip generated with nontarget metal ions (2 mM)
was comparable to that of the blank. In contrast, the introduction of 1 pM Hg?* resulted in
a distinct Ip. Notably, the coexistence of other metal ions with Hg?* did not significantly
affect the Ip, as compared to that of Hg?" alone. These results suggest that the proposed
electrochemical sensing platform exhibits high specificity for the detection of Hg?* in the
presence of multiple metal ions. Reproducibility tests were conducted on three batches
of five independent aptasensors to detect 1 pM Hg?*. The detection results had a relative
standard deviation (RSD) value of 2.75% (Figure S3B). The aptasensor demonstrated good
reproducibility due to the precise control of experimental conditions during fabrication.
Furthermore, the stability of the aptasensor was evaluated by analyzing Hg?*. One ap-
tasensor was fabricated and stored at 4 °C for 15 days. The peak current response of
this aptasensor to 1 pM Hg?* was found to retain 91.1% of its initial response (Figure



Biosensors 2023, 13, 932

10 of 12

S3C), indicating excellent stability of the proposed aptasensor. This can be attributed to
the mechanical stiffness and structural stability of the H-shaped structure and the good
biocompatibility of GAs-AuNPs to stabilize the activity of biomolecules.

3.7. Real Sample Detection

To confirm the feasibility and applicability of the sensor, we tested different concentra-
tions of Hg?* in milk samples using a standard addition method. It can be seen in Table 2
that the recovery rate of sensor samples is from 97.3% to 105.3%, indicating that this method
has potential practical value.

Table 2. Determination of Hg?* in milk samples with the proposed aptasensor.

Sample N Added Proposed Recovery RSD
4 o- (nM) Aptasensor (nM) (%) (n =3, %)

1 0.3 0.292 97.3 3.37

milk 2 1.0 0.978 97.8 2.68

3 2.5 2.633 105.3 1.41

4. Conclusions

In this study, we successfully developed a highly sensitive, selective, and stable elec-
trochemical aptasensor for the detection of Hg?*. This study had two main highlights:
(1) GAs-AuNPs film possessed such advantages as good conductivity, desirable biocompati-
bility, abundant pore structure, and large surface area, forming a high-performance sensing
interface, which can stabilize more DNA (H2 and H3) and accelerate electronic transfer be-
tween the electrode surface and the electroactive probe; (2) Exo IIl and H-shaped structures
were used to improve sensitivity by mediating the cyclic amplification process. Under the
optimal conditions, the LOD of the Hg?* detection was down to 0.16 fM. Meanwhile, the
aptasensor was used to detect real milk samples with good results. More importantly, the
analysis presented showcases a universal approach to monitoring various metal ions in
food matrices on-site by employing distinct aptamer traps.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/bios13100932/s1, Oligonucleotides; Table S1: DNA sequences;
Electrochemical measurement; Synthesis of GAs-AuNPs composite; Characterization of the electro-
chemical properties of the GAs-AuNPs; Figure S1: CV (A) and EIS spectra (B) at different modification
steps: (a) bare electrode, (b) AuNPs-modified electrode, (c) GAs-modified electrode, and (d) GAs-
AuNPs-modified electrode; Figure S2: CVs (A) and EIS spectra (B) at different preparation methods:
(a) bare electrode, (b) modified electrode with method 1, (c) modified electrode with method 2, and
(d) modified electrode with method 3; Figure S3: (A) The selectivity of the aptamer sensor to Mg?*,
Pb2*, Ca?t, Na*, Kt, Cd%*, Cr®*, blank concentration, seven kinds of interfering ions without Hg2+,
and seven kinds of interfering ions with Hg?* and only Hg?* (the concentration of Hg?* is 1 pM,
others are all 2 mM); (B) Repeatability of 5 different electrodes modified with 1 pM Hg?*; (C) Stability
of the aptasensor at 0, 5, 10, and 15 days [43-45].
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