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ABSTRACT: A novel biosensor for ultrasensitive detection of copper
(Cu2+) was established based on the assembly of magnetic nano-
particles induced by the Cu2+-dependent ligation DNAzyme. With a
low limit of detection of 2.8 nM and high specificity, this method has
the potential to serve as a general platform for the detection of heavy
metal ions.
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1. INTRODUCTION

Copper is the third most essential transition metal for human
health after zinc and iron and acts as a cofactor or structural
component of certain proteins producing numerous enzymes
critical for life.1 Copper is also a micronutrient required for
multiple functions including bone formation, cellular respira-
tion, and connective tissue development.2 However, elevated
concentrations of Cu2+ may lead to adverse effects in
organisms, resulting in gastrointestinal distress, liver or kidney
damage, and serious neurodegenerative diseases, such as
Menkes disease, Wilson disease, and Alzheimer’s disease.3−6

Therefore, it is of considerable significance to establish highly
sensitive and effective methods to monitor the Cu2+ level in
water.
The safety limit of Cu2+ in drinking water set by the U.S.

Environmental Protection Agency (EPA) is 1.3 ppm (20
mM).7 Various technologies have been developed for the
detection of Cu2+. The standard procedures for Cu2+ detection
are instrument-based analytical methods, such as inductively
coupled plasma (ICP) and graphite furnace atomic absorption
spectroscopy.8,9 However, high equipment costs and specialized
personnel are required, resulting in the restriction of their
application during routine detection. The electrochemical and
optical methods were also used for Cu2+ detection, but a higher
sensitivity still needed to be improved.10−12 With the advent of
new detection methods, fluorescence sensors and colorimetric
sensors based on fluorescence probes, organic dyes, or
nanomaterials as new approaches have attracted more
attention.13−19 Chen et al. reported a colorimetric method for
the detection of trace copper ions based on the catalytic
leaching of silver-coated gold nanoparticles, and the limit of
detection (LOD) reached a low level of 1 nM.20 However, the

color was easily influenced by the reaction system, resulting in
the appearance of false-positive results. In addition, DNAzyme-
based detection strategies have been used for Cu2+ recognition
and signal generation, which has led to new detection methods
in research tests. Cleavage-based DNAzyme has been used
most frequently.21−23 Lu et al. first used a ligation DNAzyme-
based method for colorimetric Cu2+ detection, with sensitivity
at the micromolar level. This ligation DNAzyme had many
advantages over cleavage-based DNAzyme, as it was less
susceptible to nonspecific samples and showed zero back-
ground detection.24,25

With the development of nanomaterials,26−30 magnetic
nanoparticles (MNPs)-based magnetic resonance imaging
(MRI) for the detection of harmful substances has attracted
considerable interest. The MRI technology has many
advantages over other systems. First, a significant improvement
of the sensitivity can be obtained by this method. Second,
different samples can be detected on the nuclear resonance
instrument simultaneously, which can realize high throughput
analysis. In addition, the obtained MRI images can easily assess
the detection result by naked eyes.31−35 MNPs are important
nanomaterials with multiple fundamental properties, including
superparamagnetism, high magnetization, high coercivity, and a
macroscopic quantum tunneling effect and can be easily
modified by other molecules due to the functionalized groups
on their surface.36,37 They are mainly used in bioseparation,
enrichment, drug delivery, diagnosis and treatment of diseases,
and MRI.38−41 MRI is a powerful technique and is widely used
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in clinical diagnosis and biodetection and can accurately locate
the absence of molecules in some tissues, and the results are
reflected in the MRI images. MNPs as contrast agents have
fabricated numerous MRI sensors for the detection of harmful
elements, and the application of MNPs has been extended to
food safety, environmental protection, and many other fields.
In the present study, we established a novel method for the

ultrasensitive detection of Cu2+ based on the aggregation of
MNPs induced by the Cu2+-dependent DNA ligation
DNAzyme. The structure of the DNAzyme is shown in
Scheme 1 and consisted of three nucleotide sequences, namely

the enzyme strand E47, substrate S1, and substrate S2. Under
optimized conditions, a low LOD of 2.8 nM was obtained,
which was much lower than the detection level reported by
Lu.21 To the best of our knowledge, this is the first report on
the development of an MRI sensor for Cu2+ detection based on
ligation DNAzyme.

2. EXPERIMENTAL SECTION
2.1. Materials and Reagents. The Fe3O4 magnetic nanoparticles

were purchased from Beijing Oneder Hightech Co., Ltd. Imidazole, 1-
ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC),
and N-hydroxy succinimide (NHS) were obtained from Sigma-
Aldrich. Tris-acetate buffer (pH 8.2) was from Shengon Biotechnology
Co., Ltd. (Shanghai, China). Other chemicals of analytical grade were
purchased from J&K Scientific Ltd. (Beijing, China). Deionized water
used throughout the experiment was purified to 18.2 MW (Millipore).
All the DNA fragments were synthesized by Shengon Biotechnology
Co., Ltd. (Shanghai, China) and purified by HPLC. Their detailed
sequences are as follows:

S1: 5′-AAGCATCTCAAGC-3′
S2: 5′-GGAACACTATCCG-3′
S1′: 5′-GCTTGAGATGCTTAAAAAAAAAA-NH2-3′
S2′: 5′-NH2-AAAAAAAAAACGGATAGTGTTCC-3′
E47: 5′-CGGATAGTGTTCTTTCGCTAGACCATGTGA-
CGCATGGTGAGATGCTT-3′
AntiE47: 5′-ACCATGCGTCACATGGTCTAGCGAAAGAA-
3′

2.2. Preparation of DNA-modified MNPs. The Fe3O4 magnetic
nanoparticles with a diameter of 10.3 ± 1.6 nm were functionalized
with carboxyl groups on the surface and showed excellent dispersibility
(Figure 3a). The carboxyl group functionalized MNPs are possessed of
negative charge; the electrostatic repulsion between MNPs would not
lead to charge accumulation. Therefore, for a short time, the MNPs
would not aggregate with time and temperature. The MNPs and DNA
were connected by EDC and NHS. Typically, 0.15 mg of Fe3O4
nanoparticles (about 10 nM) was dissolved in 100 μL of PBS
(containing 0.01 M sodium phosphate and 50 mM NaCl), followed by
the addition of 0.0746 mg of EDC and 0.12 mg of NHS. Half an hour

later, the complementary sequences of S1 and S2 (S1′ and S2′) were
respectively added to the MNPs at a final concentration of 2 μM. After
gentle shaking for 4 h at room temperature, the excess DNA was
removed by ultrafiltration using a 3000 MW cutoff membrane. To
ensure the DNA was completely removed, this procedure was
performed three times at 10 000 r/min for 5 min each time. The
MNPs were then resuspended in Tris-acetate buffer (25 mM, pH 7.2).

2.3. Construction and NMR Measurement of the DNAzyme-
based MRI Sensor. To help in combining the S1 and S2, the S1 was
first activated by imidazole. A 20 μL volume of 100 μM S1 was reacted
with 2.5 μL of 1 μM imidazole (pH 6.0) and 2.5 μL of 1.5 M EDC·
HCl at room temperature for 1 h, resulting in the attachment of an
imidazole group to the 3-phosphate group of S1. The solution was
then purified by ultrafiltration, and the concentration was measured by
monitoring the absorbance at 260 nm.

To establish the DNAzyme-based MRI sensor, imidazole-activated
S1, S2, and E47 (1 μM of each) were dissolved in 30 mM HEPES
buffer (containing 30 mM KCl and 20 mM MgCl2, pH 7.0). Then, 1
μL of different concentrations of Cu2+ (5, 20, 50, 100, 200, 500, and
1000 nM) was added to 100 μL of the above mixture to induce the
ligation reaction between S1 and S2. After 30 min, the S1 and S2
became one complete DNA sequence (S1−S2), and the terminal bases
of E47 were hybridized to S1−S2. Then, 50 μL of the above solution
was mixed with 50 μL of DNA-modified MNPs (25 μL MNPs-S1′, 25
μL MNPs-S2′) and 2 μM of AntiE47 DNA and placed in boiling water
and allowed to cool to room temperature in 30 min. After the reaction,
the AntiE47 DNA hybridized with the middle single strand of E47,
resulting in the dissociation of S1−S2 from E47. The MNPs would be
assembled through the hybridization of DNA on the surface of MNPs
and the single S1−S2. In the end, the T2 relaxation time of MNP
assembly was measured with a NMI20-analyst (Niumag Corp.,
Shanghai, China) at room temperature.

2.4. Specificity Tests. The specificity and selectively of this
method for other metal ions, including Mn2+, Zn2+, Mg2+, Fe2+, Ca2+,
Hg2+, and Pb2+, was performed at a concentration of 10 nM. Using the
same detection procedure, the T2 relaxation time was determined for
each metal ion and compared with that for Cu2+.

2.5. Recovery in Drinking Water Samples. To evaluate the
feasibility of the sensor in practical sample detection, a recovery test
was performed in drinking water. Using 5, 10, 20, 50, 100, and 200 nM
standard samples, the T2 values were measured, and the recovery was
calculated.

3. RESULTS AND DISCUSSION

The sensing principle for the detection of Cu2+ is illustrated in
Scheme 1. First, the S1 is activated with imidazole, and then the
S1 and S2 are hybridized to the 5′ and 3′ region of E47,
respectively. In the presence of Cu2+, the phosphorus center of
S1 and the hydroxyl group of S2 undergo nucleophilic attack by
the catalyst of E47, and the imidazole group is left due to the
formation of the phosphodiester bond. The DNA sequence of
AntiE47 is complementary with 29 bases on E47, which
contribute to dissociation of the ligated substrate from E47.
The complete ligated substrate is further hybridized with S1′
and S2′, which were then coupled to MNPs, resulting in the
aggregation of MNPs. In the absence of Cu2+, no aggregation
occurred due to the unconnected substrate strand. The role of
MNPs in this work acts as contrast agent. Under different
aggregations of MNPs, the magnetic relaxation properties of
surrounding water protons of MNPs were different, resulting in
the variation of spin−spin relaxation time (T2) with different
MNP assembly mediated by Cu2+. Therefore, the T2 relaxation
time was used as the detection signal to quantify the content of
targets.
To ensure the successful combination of MNPs and DNA

fragments, dynamic light scattering (DLS) was used to measure
the size difference between the naked Fe3O4 particles and the

Scheme 1. Scheme of the Ligation DNAzyme-based MRI
Sensor for Cu2+ Detection
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assembly of MNPs and DNA. As shown in Figure 1, the
hydrodynamic size of the MNPs-DNA increased compared

with MNPs, which indicated that the carboxyl-functionalized
MNPs and amino-modified DNA sequence were successfully
prepared.
To obtain optimum detection results using the MRI sensor,

the concentration of DNAzyme, which has a direct relationship
with the aggregation level of MNPs, was optimized. At 10 nM
of MNPs-DNA and 2 μM of AntiE47 DNA, the concentration
of imidazole-activated S1, S2, and E47 changed from 100 nM to
2 μM. As seen in Figure 2, the T2 value almost reached a

saturation level at a concentration of 1 μM. Therefore, 1 μM of
DNAzyme (each of the three DNA strands) was enough for
construction of the MRI sensor.
The typical transmission electron microscopy (TEM) images

of the MNPs assembly showed the degree of aggregation of
different amounts of Cu2+ (0, 5, 100, 500 nM). As the
concentration of Cu2+ increased, aggregation of the mono-
dispersed MNPs increased (Figure 3). In addition, DLS was
performed to estimate the typical size distributions of the MNP
aggregates. As shown in Figure 4A, the peak location of the
distribution curve of particle size increased with the increasing
concentration of Cu2+, which represented that the size of
MNPs assembly showed a growth trend with the increased
Cu2+ concentrations ranging from 0 to 1000 nM (Figure 4B).
An obvious variation was seen between low and high
concentrations of Cu2+. The width of the curve represents

the polymey disperse index (PDI) of particles, which means the
monodispersity of the MNPs assembly. All the PDI of the
curves were about 0.2, which means that the monodispersity of
the samples was excellent and the width of the distribution
curve has no relationship with the size of particles influenced by
the concentrations of Cu2+. Therefore, the increased size of the
MNPs with increasing concentrations of Cu2+ could be
characterized by the peak location of the curve. The TEM
images and size distributions indicated the successful assembly
of MNPs in the presence of Cu2+.
At Cu2+ concentrations ranging from 1 nM to 1000 nM, the

sensitivity of the method was determined using this sensor.
Shown in Figure 5, the inserted image, the T2 values increased
with the increase of Cu2+ concentration. At less than a 5 nM
Cu2+ concentration, the T2 values were lower and the variation
was not obvious. In the range of 5 nM to 1000 nM, the MR
images shown in Figure 6A claimed that the color became
brighter with the increased aggregation of MNPs. Meanwhile, a
good linear relationship of T2 values versus Cu2+ concentration
was obtained, and an LOD of 2.8 nM was calculated from the
dose−response curve with a good coefficient of 0.9908 (Figure
5).
A specificity test using other metal ions (Mn2+, Zn2+, Mg2+,

Fe2+, Ca2+, Hg2+, Pb2+) as detection substances was performed
to analyze the variation in T2 values. As shown in Figure 6B, at
a concentration of 10 nM, the first metal detected was Cu2+,
which showed a brighter color than other samples. Taking Pb2+

as an example, the T2 values with about 10 ms showed no
obvious variation under the concentrations of 5 nM to 1000
nM in Figure 5, so as the other metal ions. All the above results
demonstrated that the other metal ions did not influence the
Cu2+-dependent DNAzyme, and the MNPs assembly was not
formed. Therefore, this method had excellent specificity for the
detection of target Cu2+.
A recovery test was performed in drinking water to evaluate

the feasibility and reproducibility of the sensor. Different
concentrations of Cu2+ (5, 10, 20, 50, 100, 200 nM) were added
to the detection system. As shown in Table 1, satisfactory
recovery in the range of 89.9 to 96.3% was obtained and

Figure 1. The size change of MNPs before and after DNA
conjugation. 1, the original MNPs; 2, the MNPs modified with DNA.

Figure 2. Effect of the concentration of DNAzyme on T2 values (100,
200, 500, 800, 1000, 2000 nM).

Figure 3. Typical TEM images of MNPs and MNP assembly under
different concentrations of Cu2+. (a) naked MNPs, (b) MNP assembly
in the presence of 5 nM of Cu2+, (c) MNP assembly in the presence of
100 nM of Cu2+, (d) MNP assembly in the presence of 500 nM of
Cu2+.
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confirmed that this sensor is a powerful tool for the detection of
Cu2+ in real samples.

4. CONCLUSIONS
In conclusion, a novel method for the highly sensitive detection
of Cu2+ was established based on the aggregation of MNPs
induced by the Cu2+-dependent DNA ligation DNAzyme. Cu2+

played a significant role in ligation of the substrate strand,
which resulted in the formation of the MNPs assembly.
Compared with the work by Lu, the detection signals were
different between the two approaches, Lu used extinction
spectra, and we used the NMR signal. The NMR signal was
much more sensitive than extinction spectra. Under the same
aggregation level, the NMR signal showed an obvious change
compared with the extinction spectra. Even at lower
concentrations of targets, the NMR signal still had distinct
signal variation, while the extinction spectra signal may keep the
same level. Therefore, the sensitivity in our work presented
substantial increase. In the quantitative analysis of Cu2+, a low
LOD of 2.8 nM was obtained in the range of 5 to 1000 nM,
which is below the safety limit set by the U.S. EPA. In addition,
excellent selectivity was confirmed by the detection of other
metal ions, and satisfactory recovery in real samples was

obtained, which proved that this sensor has great potential in
the detection of metal ions.
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Figure 4. (A) Typical hydrodynamic size distributions of the MNP assembly under different concentrations of Cu2+ in the range of 0 to 1000 nM.
(B) The growth trend of the MNP assembly size under the concentrations of Cu2+ ranging from 0 to 1000 nM.

Figure 5. The standard curve for the detection of Cu2+ in the range of
5 to 1000 nM. A dose−response plot for the detection of Cu2+ at
concentrations of 1 to 1000 nM (the inserted image). A scatterplot of
Pb2+ detection under concentrations of 5 to 1000 nM.

Figure 6. The T2 values images (a) and MR images (b) of the
detection. (A) The detection of Cu2+: from top to bottom, the
concentrations of Cu2+ were 5, 20, 50, 100, 200, 500, and 1000 nM.
(B) The specificity test: from top to bottom, Cu2+, Mn2+, Zn2+, Mg2+,
Fe2+, Ca2+, Hg2+, Pb2+, ;the concentration of the reference ions were all
10 nM.

Table 1. Determination of Cu2+ in Drinking Water

spiked concentration
(nM)

detected concentration
recovery (%)

meana ± SDb

(nM)

200 182.657 ± 18.49 91.3
100 92.88 ± 9.462 92.9
50 44.952 ± 3.580 89.9
20 18.346 ± 1.563 91.7
10 9.627 ± 0. 68 96.3
5 4.965 ± 0.29 93

aThe mean of three experiments. bSD = standard deviation.
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