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Highly Sensitive Detection of Hg2+ Based on
Imprinting Sensor-Modified DNA

Wanping Dang, Yang Li, and Jingjing Zhang

Abstract—In order to enhance the sensitivity of the
imprinted electrochemical sensor for detecting mercury
ions, a novel ionimprinted electrochemical sensor modified
with deoxyribonucleic acid (DNA) was proposed. A tar-
get imprinted with mercury ions was prepared using gold
nanoparticles (AuNPs), mercury ion templates, and chitosan.
Subsequently, a sensor imprinted with DNA was prepared
by immobilizing DNA probes on the surface of AuNPs. The
feasibility, electrochemical performance, and electrochemical
reaction mechanism of the DNA-imprinted sensors were ana-
lyzed through experimental comparisons, scanning electron
microscope (SEM), and kinetic studies. The working curve
was obtained by the DPV method. The results show that
the DNA-imprinted sensor achieves multiple signal amplifi-
cations through the unique coordination between Hg2+ and
thymine (T) bases, as well as the formation of strong com-
plexes between Hg2+ and chitosan molecularly imprinted polymers. The sensitivity of the DNA-imprinted sensor is
significantly improved to 2.282 × 10−6 A·(uM)−1. In addition, the exchange current density of the DNA-imprinted sensor
is 5.793 × 10−8 A·cm−2. The detection range was 10–60 nM with the detection limit of 1.62 nM (3σ /slope). The dynamics
of DNA-imprinted sensor were analyzed. The proposed detection method provides theoretical and technical support for
the detection application of Hg2+ and other ions.

Index Terms— Deoxyribonucleic acid (DNA)-imprinted sensor, Hg2+ detection, high sensitivity.

I. INTRODUCTION

HEAVY metal pollution poses a significant threat to the
environment and human health. Among them, Hg2+ is

highly toxic and persistent, and it could spread and accumulate
globally through the atmosphere, water bodies, and the food
chain. Long-term exposure to mercury could lead to severe
health problems, including neurological damage, immune sys-
tem disorders, and damage to the reproductive system [1].
Therefore, the development of highly sensitive and selective
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Hg2+ sensors is crucial for environmental monitoring and
bioanalysis.

There are various methods for detecting trace heavy
metal ions, including surface-enhanced Raman scattering
(SERS) [2], atomic absorption spectroscopy (AAS) [3], induc-
tively coupled plasma mass spectrometry (ICP-MS) [4], X-ray
fluorescence spectroscopy (XRF) [5], and photoelectrochem-
ical methods [6]. These methods have several limitations,
including complex operating procedures, expensive equipment
requirements, and the necessity for sample pretreatment [7].
Therefore, the search for a cheap equipment, fast, sensitive,
and reliable method to detect Hg2+ remains an urgent need.

In recent years, ion-imprinted polymers (IIPs) have been
utilized for ion detection because of their structural stability
and high sensitivity [8]. Compared with the nonimprinted
Hg2+ sensors proposed in most literature, the imprinting
method has a lower detection limit in Hg2+ ion detection
[9], [10]. Chitosan (CS) can form stable complexes with heavy
metal ions due to its abundant functional groups, such as
ammonium ions, and is used as a functional monomer for
IIPs [11]. However, the conductivity of CS is relatively poor.
To enhance the conductivity of CS, it is common to incorporate
conductive materials, such as gold nanoparticles (AuNPs) [12].
Although IIPs has high structural stability, its selectivity is
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TABLE I
DNA SEQUENCE

relatively poor. How to improve the selectivity and sensitivity
of IIPs is a significant challenge.

Deoxyribonucleic acid (DNA) aptamers exhibit high
selectivity and sensitivity in detecting metal ions, as specific
bases or sites of DNA specifically bind to certain metal
ions [13], [14]. Meanwhile, AuNPs can provide corresponding
sites for DNA and are used in biosensors to immobilize DNA
probes [15].

Based on the above analysis, this article recommends a
novel DNA-imprinted sensor. Imprinted sensor was prepared
using mercury ion templates and chitosan. AuNPs were elec-
trodeposited onto the imprinted sensor surface, and then, DNA
was immobilized on the surface of the AuNPs, creating a novel
DNA-imprinted sensor. The electrochemical performance and
surface microscopic scans of the DNA-imprinted sensors were
analyzed. The dynamics of DNA-imprinted sensor have been
explored.

II. MATERIALS AND METHODS

A. Materials and Equipment
Chitosan powder (CS, with high viscosity) and six-

mercapto-1-hexanol (MCH) were purchased from Shanghai
Maclyn Biochemical Company Ltd. Glacial acetic acid was
purchased from Xilong Scientific Company Ltd. Sodium
tripolyphosphate (STPP) was purchased from Shanghai
Aladdin Biochemical Technology Company Ltd. Ethylenedi-
aminetetraacetic acid (EDTA) was purchased from Guangzhou
Saigu Bio-Technology Company Ltd. DNA (Hg2+-DNAzyme)
was purchased from SBS Genetech Company Ltd. All other
reagents used were of analytical grade and did not require
additional purification. Deionized water with a conductivity
of 18.2 M�·cm was used to prepare all aqueous solutions in
the experiments. Table I shows the sequence of the DNA.

B. Equipment and Parameters
The characterization of the sensor was conducted using

a scanning electron microscope (SEM, Phenom Pharos G2,
China). Electrochemical tests were conducted utilizing a
CHI660E electrochemical analyzer with a conventional three-
electrode system. The working electrode, reference electrode,
and counter electrode used are glassy carbon, silver/silver
chloride (Ag/AgCl), and foil wire, respectively.

The parameters of CV were the lowest potential of −0.8 V,
the highest potential of 0.8 V, and the scanning rate of
0.05 V/s. The DPV parameters were the final voltage of 2.8 V,
the initial voltage of −0.1 V, and the amplitude of 0.05 V.
The Tafel parameters were the final voltage of 1 V, the initial
voltage of −1 V, and the scanning rate of 0.01 V/s.

C. Pretreatment of GCEs
Glassy carbon electrode (GCE) was first polished using

a microcloth soaked in alumina slurry made from 0.3- and

0.05-µm alumina particles to achieve a smooth surface.
After polishing, the electrodes were cleaned with ultrasound
and deionized water and dried in an oven at 65 ◦C for 10 min.
The electrode was then immersed in a 0.5-M sulfuric acid
solution and activated using cyclic voltammetry. The scanning
range for cyclic voltammetry was from −0.3 to +1.3 V with
the scan rate of 50 mV/s until a stable current–voltage curve
was obtained. After activation, the electrode was rinsed with
deionized water.

D. Preparation of Imprint Sensor
The chitosan solution was prepared by mixing 0.2-g chi-

tosan powder with 20 mL of acetic acid at room temperature
and stirring the mixture for 4 h. The process of chelation
between chitosan and Hg2+ was commonly accomplished by
establishing coordination bonds with multiple amino func-
tional groups. Based on a molar ratio of four amino groups
chelating one Hg2+ (n(Hg2+):n(CS) = 0.25), the molar ratio of
Hg2+ to CS was determined to be 1:33. The 30-µL 498.5-µM
Hg2+ solution was added to 990-µL chitosan solution. The
30-µL 498.5-µM/L Hg2+ solution was combined with 990-µL
chitosan solution. The obtained mixture was ultrasonically
stirred for 2 h to obtain a CS/Hg2+ solution. The 0.367-g
STPP was added to 10 mL of distilled water to prepare a
crosslinking agent solution.

The 3 µL of the CS/Hg2+ composite suspension was trans-
ferred onto the GCE surface and dried at room temperature
for 20 min to form the CS/Hg2+ composite film. The obtained
electrode was then immersed in a crosslinking agent solution
for 2 h, followed by rinsing with deionized water. Then, the
electrode was electrodeposited in a solution containing 5-mM
tetrachloroauric acid at the voltage of −1.2 V for 10 s, repeated
four times. Next, the electrode was immersed in 0.5-mol/L
EDTA solution by magnetically stirred for 2 h to remove the
target template and obtain the imprinted sensor. Finally, after
cleaning with deionized water and air drying, the imprinted
sensor was obtained.

E. Preparation of DNA-Imprinted Sensor
The tube containing powdered DNA (Hg-DNAzyme) was

centrifuged at a speed of 12 000 r/min for 3 min. The buffer
(10 × PBS, pH 7.2–7.4) was added to the centrifuge tube
to obtain 10-µM Hg2+-DNAzyme solution. The Hg DNA
enzyme solution was heated in a water bath at 95 ◦C for
5 min, then placed in a refrigerator at 0 ◦C for 5 min, and
finally stored in a refrigerator at 5 ◦C. To facilitate a reduc-
tion reaction, 2-mM TCEP solution was introduced into the
Hg-DNAzyme solution. The 3-µL Hg-DNAzyme solution was
transferred onto the surface of the imprinted sensor. After
drying in the air, the electrode was then immersed in MCH
solution for 1 h to prepare the DNA-imprinted sensor.

III. RESULTS AND DISCUSSION

A. Characterization of Sensor
Scanning electron microscope (SEM) and energy-dispersive

spectroscopy (EDS) were used to characterize the imprinted
sensor and DNA-imprinted sensor, as shown in Figs. 1 and 2.
Fig. 1(a) shows the small particles, while Fig. 1(b) shows
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Fig. 1. Imprint sensor: (a) SEM, (b) EDS of particles, and (c) EDS of
the entire graph.

Fig. 2. DNA-imprinted sensor: (a) SEM and (b) EDS of the entire graph.

a Au specific gravity of 73.81%, indicating the successful
preparation of AuNPs. Fig. 1(c) shows the presence of C, N,
and O elements. The elements C, O, and N may all come
from chitosan (CS). This indicates that the imprinted sensor
has been successfully prepared. Compared with the imprinted
sensor in Fig. 1, in addition to containing elements C, O,
and N, there were also two elements of Au and P present
in Fig. 2(b). The C, O, and N elements were mainly derived
from chitosan and DNA. The P element was mainly derived
from DNA. The Au element was obtained by electrodeposition
of tetrachloroauric acid. This indicates that the DNA-imprinted
sensor has been successfully prepared.

B. Preparation and Detection Principle of Sensors
Fig. 3 shows the preparation of a DNA-imprinted sen-

sor and its principle for detecting Hg2+. The imprinted
sensor target was formed by mixing chitosan with Hg2+

template, crosslinking, electrodepositing gold nanoparticles
(AuNPs), and removing the template. The target has a strong
adsorption effect on Hg2+, but weak adsorption on other
ions. When target Hg2+ existed, the target adsorbed Hg2+,
resulting in an enhancement of the electrical signal. Mean-
while, single stranded DNA (Hg-DNAzyme) was composed

Fig. 3. Principle of DNA sensor.

of 21 thymine (T) bases, an S bond, and a signaling factor.
Hg-DNAzyme was immobilized on the surface of AuNPs
through S–Au bonds. The Hg2+ possessed the ability to selec-
tively coordinate with thymine (T) bases, forming stable T–
Hg2+–T complexes. When Hg2+ was present, Hg-DNAzyme
was formed into a hairpin shape through the T–Hg2+–T struc-
ture. The signal molecule at one end of Hg-DNAzyme was
approached by the electrode surface. Methylene blue signal
molecule was a cationic phenothiazine dye, resulting in further
enhancement of the electrical signal. Thus, the purpose of
double signal amplification for detecting Hg2+ was achieved.

C. Feasibility Experimental Analysis
To explore the sensitivity of the DNA-imprinted sensor,

electrodes modified with various materials were conducted
by the differential pulse voltammetry (DPV), as shown in
Fig. 4. The measurements were performed in 100-µM Hg2+

solution. The peak current of bare electrode, chitosan (CS)-
modified electrode, and CS/Hg2+-modified electrode was
almost 0 A at 0–1.5 V, as shown in Fig. 4(a)–(c), respectively.
The average peak current of the DNA sensor, imprinted sensor,
and DNA-imprinted sensor was 7.591 × 10−5 A, 1.588 ×

10−4 A, and 2.282 × 10−4 A, as shown in the yellow area
of Fig. 4(d)–(f), respectively. The electrodes modified with
different materials generate different peak currents, which
preliminarily proves that DNA-imprinted sensor has been
successfully prepared.

The calculation formula for sensitivity was K = I p–I 0/
CHg2+ , where I p was the average peak current of sensor,
I 0 was the average peak current of bare electrode, and CHg2+

was the concentration of Hg2+. The average sensitivity K
was calculated, as shown in Table II (see Supporting Material
Table S2 for the complete dataset). The average sensitivities
of the DNA sensor, imprinted sensor, and DNA-imprinted
sensor were 7.591 × 10−7 A/µM, 1.588 × 10−6 A/µM, and
2.282 × 10−6 A/µM, respectively. The average sensitivity
of the DNA-imprinted sensor was significantly higher than
that of the DNA sensor and the imprinted sensor. Compared
with imprinted sensor, the sensitivity of DNA-imprinted sensor
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Fig. 4. Detection of 100-µM Hg2+ with different electrodes: (a) bare
electrode, (b) CS-modified electrode, (c) CS/Hg2+-modified electrode,
(d) CS/Au-modified electrode, (e) imprinted sensor, and (f) DNA-
imprinted sensor.

TABLE II
SENSOR SENSITIVITY

has increased by 43.70%. This confirms the feasibility of the
recommended scheme shown in Fig. 3.

In order to further confirm the feasibility of the proposed
scheme, an analysis was conducted from a dynamic perspec-
tive. Basic dynamic equation (Butler–Volmer)

i = FAK0

[
co(0, t)exp

−βF
(
E − E0t

)
RT

−cR(0, t)exp
(1 − β)F

(
E − E0t

)
RT

]
. (1)

In the equation, “i” represents the current density, “i0”
represents the exchange current density, “β” represents the
transfer coefficient, “F” represents the Faraday constant,
“R” represents the gas constant, “K ” represents the reac-
tion rate constant, “T ” represents the reaction temperature,
“E” denotes applied voltage potential, “E0t ” denotes standard

Fig. 5. Tafel lines: (a) DNA-imprinted sensor, (b) imprinted sensor, and
(c) DNA sensor.

potential, “co” represents the oxide concentration, and “cR”
represents the reductant concentration.

When the overpotential was large, such as in the case of a
highly negative potential

i0 = FAk0c(1−β)
o ∗ cβ

R . (2)

From (1) and (2), (3) could be derived

i = i0η

[
exp

−βF
RT

− exp
(1 − β)

RT

]
(3)

when the overpotential was large, such as in the case of a
highly negative potential

exp
−βF
RT

η ≫ exp
(1 − β)

RT
η. (4)

Thus, (4) could be simplified as follows:

i = i0exp
−βF
RT

η. (5)

Taking the natural logarithm on both sides and converting
it into a logarithmic function with base ten, we got

logi = logi0 −
βF

2.303RT
η. (6)

Equation (6) represented the theoretical model for the
Tafel line in the strongly polarized region. Fig. 5 shows
the Tafel curves obtained by detecting 100-µM Hg2+ with
three-electrode materials (DNA-imprinted sensor, imprinted
sensor, and DNA sensor). The Tafel line equation was obtained
by fitting the strong polarization region. The alternating equi-
librium current could be calculated using the theoretical model
in (6), and the specific values were listed in Table III. Accord-
ing to Table III, the equilibrium exchange current for the DNA
sensor was 1.554 × 10−7 A·cm−2, and the imprinted sensor
was 5.287 × 10−8 A·cm−2. When the exchange current density
value was low, the ability to resist deviation from equilibrium
reactions was weaker, and polarization was more likely to
occur. The imprinted sensor exhibited a smaller equilibrium
exchange current compared to the DNA sensor, suggesting a
higher level of polarization for the imprinted sensor. These
results confirm the reason for the larger peak current of the
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TABLE III
EXCHANGE CURRENT DENSITY

Fig. 6. Voltammetric curves of different sensors for detecting potassium
ferricyanide.

imprinted sensor and the smallest peak current of the DNA
sensor in the yellow area of Fig. 4(f). Compared with the
equilibrium exchange current of imprinted sensors and DNA
sensors, it was found that the equilibrium exchange current
of DNA-imprinted sensors was the smallest with the value of
5.793 × 10−9 A·cm−2. This indicated that the DNA-imprinted
sensor had the strongest polarization, maximum peak current,
and highest sensitivity. The results were consistent with those
in Fig. 4 and Table II. This further confirms the viability of
the designed approach.

In order to demonstrate the effectiveness of the
DNA-imprinted sensor assembly, three different electrode
materials (DNA-imprinted sensor, imprinted sensor, and DNA
sensor) were used for DPV measurements of potassium
ferrocyanide solution at a scan rate of 120 mV/s, as shown in
Fig. 6. The unmodified electrode displayed the peak currents
of −3.683 × 10−5 A and 3.915 × 10−5 A at the voltages
of −0.311 and 0.645 V, respectively. The imprinted sensor
exhibited higher peak currents at the voltages of 0.171 and
0.285 V in comparison with the unmodified electrode. The
peak currents were −1.41 × 10−5 A and 1.237 × 10−4 A,
respectively. The possible reason was that the imprinted
sensor had a high porosity and surface area, which could
increase the contact area between the electrode and electrolyte,
enhance the reaction interface, and ultimately improve the
peak current. The DNA-imprinted sensor exhibited the peak
currents of 1.416 × 10−4 A and −1.735 × 10−4 A at the
voltages of 0.319 and 0.139 V, respectively. Due to the use
of phosphorus as the backbone in DNA, phosphorus carried
electrons and had a strong adsorption effect on positive ions.
At the same time, the ammonium functional group in the
imprinting had a strong adsorption effect on ions. So, the
redox peak current of DNA-imprinted sensors is higher than
the redox score current of imprinted sensors and unmodified

Fig. 7. Potassium ferrocyanide detection at different scanning speeds:
(a1) CV curve of unmodified electrode, (a2) fitting line of unmodified
electrode, (b1) CV curve of imprinted sensor, (b2) fitting line of imprinted
sensor, (c1) CV curve of DNA imprinted sensor, (c2) fitting line of
DNA imprinted sensor. Detection of potassium ferrocyanide with differ-
ent sensors at different scanning speeds: (a1) unmodified electrode,
(b1) imprinted sensor, (c1) DNA-imprinted sensor, (a2) unmodified
electrode, (b2) imprinted sensor, and (c2) DNA-imprinted sensor.

electrodes. The comparative experiment suggests that the
DNA-imprinted sensor was successfully prepared.

In order to determine the active regions of different
electrodes, various working electrodes, including unmodified
electrodes, imprinted sensors, and DNA-imprinted sensors,
were analyzed. These electrodes were used to measure the
electrochemical response of ferrocyanide at different scan
rates. Cyclic voltammetry curves were then plotted for each
electrode. The relationship between peak current and scan rate
was plotted by extracting the peak currents for oxidation and
reduction, as shown in Fig. 7. The oxidation and reduction
peak currents of the three electrodes increase with the increase
of scanning rate. The Randles–Sevcik equation was

i p = 2.69 × 105 AD
1
2 n

3
2 v

1
2 C (7)

where “i p” represented the peak oxidation or reduction current,
“n” was the number of electrons involved in the electrochem-
ical reaction (n = 1 in this case), “A” was the active area
of the electrode, “D” was the diffusion coefficient (at 25 ◦C,
D = 6.70 × 10−6 cm2/s), “C” was the electrolyte concentra-
tion (C = 5 mM), and “v” was the scan rate.

According to (7) and the oxidation peak current i p values
in Fig. 4(d)–(f), the active areas of the electrodes were calcu-
lated, as shown in Table IV. The active areas of unmodified
electrode, imprinted sensor, and DNA-imprinted sensor were
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TABLE IV
ELECTRODE ACTIVE AREA

Fig. 8. Detection of different metal ions at a concentration of 100 µM/L
using a DNA-imprinted sensor.

Fig. 9. Working straight line.

calculated to be 0.957, 2.576, and 3.259 cm2, respectively.
The DNA-imprinted sensor exhibited the largest effective area,
while the unmodified electrode had the smallest effective area.
This further confirms that the DNA-imprinted sensor has been
successfully prepared, and the recommended scheme in Fig. 3
is feasible.

D. Selectivity Analysis
Fig. 8 represented the DNA-imprinted sensor detecting

100-µM solutions of Ag+, Pb2+, Fe3+, Mn2+, Ca2+, and
Hg2+ (see Supporting Material Fig. S4 and Table S4). Before
testing, the DNA imprinting sensors were immersed in the
tested liquid and incubated for 1 h. Compared with the
peak current values of Ag+, Pb2+, Fe3+, Mn2+, and Ca2+

solution, it could be observed that the peak current of Hg2+

solution was significantly higher. These results indicate that
the DNA-imprinted sensor has relatively high selectivity for
mercury ions.

E. Linearity Analysis
To evaluate the linear performance of the sensor, different

Hg2+ concentrations (10, 20, 30, 40, 50, and 60 nM) were
tested, as shown in Fig. 9 (see Supporting Material Fig. S5

TABLE V
COMPARISON OF DETECTION METHODS

TABLE VI
RECOVERY RATE OF Hg2+ IN TAP WATER

TABLE VII
RECOVERY RATE OF Hg2+ IN MILK

and Table S5). Before testing, the DNA imprinting sensors
were immersed in the tested liquid and incubated for 1 h.
The working curve is obtained through the DPV curve. The
equation of the fitted line was i = 0.04706 C-0.1294. The
detection limit was 1.62 nM (3σ /slope). Table V shows that
DNA-imprinted sensors have lower LOD for Hg2+ detection
compared to most literature.

F. Recovery Rate of Hg2+ in Real Tap Water and Milk
The recovery rates in real tap water and milk were calcu-

lated, as shown in Tables VI (see Supporting Material Fig. S6
and Table S7) and VII (see Supporting Material Fig. S7 and
Table S9), respectively. Tap water and pure milk were diluted
to tenfold by buffer, respectively. Each sample was tested three
times by DNA-imprinted sensor. In tap water, the range of
recovery rate was 99.405%–104.818%, and the range of rela-
tive standard deviation (RSD) was 0.5632%–3.05%. In milk,
the range of recovery rate was 100.178%–106.038%, and the
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RSD range was 1.9839%–6.4701%. The results confirmed that
the DNA-imprinted sensor has a very high recovery rate for
detecting Hg2+ in tap water and milk.

IV. CONCLUSION

The study confirmed the successful synthesis of a new
DNA-imprinted sensor using SEM, EDS, and electrochemical
activity methods. Compared with traditional DNA sensors and
imprinting sensors, the DNA-imprinting sensors have a lower
exchange current density of 5.793 × 10−9 A·cm−2, with a
large active surface area of 3.259 cm2, significantly increased
sensitivity to 2.282 × 10−6 A·(µM)−1. The detection range
was 10–60 nM with the detection limit of 1.62 nM (3σ /slope).
The dynamics of DNA-imprinted sensor were analyzed. The
DNA-imprinted sensor demonstrated high sensitivity, selec-
tivity, and recovery for detecting Hg2+, providing theoretical
and technical support for the detection application of Hg2+.
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