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ABSTRACT: A MRI biosensor for sensitive and specific detection of lead ions
(Pb2+) was developed based on DNAzyme-induced cleavage of magnetic
nanoparticles (MNPs). A low limit of detection (LOD) of 0.05 ng mL−1 was
obtained. This biosensor has the potential to serve as a general platform for the
detection of heavy metal ions.

1. INTRODUCTION

Heavy metal ions are non-negligible environmental pollutants.
They are biodegradable and can accumulate in the environ-
ment, resulting in contaminated food and water. Of the various
heavy metal ions, contamination by Pb2+ is a persistent problem
and a serious and long-lasting threat to the environment and
human health. Even exposure to very low levels of lead can have
severe effects on human health, such as neurological,
reproductive, cardiovascular, and developmental disorders,
particularly in children.1−3 The most common techniques for
the detection of Pb2+ are atomic absorption/emission
spectrometry and inductively coupled plasma mass spectrom-
etry (ICPMS).4,5 However, these techniques are time-
consuming and require sophisticated equipment and complex
sample preparation. Recent advances in nanoscale sensors have
enabled the development of new detection platforms aimed at
more sensitive and faster detection.6−9 However, they are not
easily high-throughput for harmful elements detection. There-
fore, the development of more simple, inexpensive, and high-
throughput methods for Pb2+ detection is required.
DNAzymes are functional DNA molecules that can recognize

target analytes or catalyze specific chemical and biological
reactions. Metal-specific DNAzymes require specific metal ions
as cofactors, and cofactor-dependent DNAzyme has provided a
novel platform for the construction of DNAzyme-based
sensors.10−14 The Pb2+-specific DNAzyme used in our work
is the “8−17” DNAzyme obtained via in vitro selection, which
can catalyze the cleavage of an RNA base in the DNA substrate
in the presence of Pb2+.15−18 Numerous DNAzyme-based Pb2+

sensors have been developed, which mainly focus on
colorimetric, dynamic light scattering (DLS), fluorescence,
electrochemical, chemiluminescent, and surface-enhanced

Raman scattering (SERS) methods.19−25 However, most of
the above sensors employed gold nanocrystals or fluorescent
groups as an indicator. Herein, we report a novel strategy for
Pb2+ detection using magnetic nanoparticles (MNPs).
MNPs are an important class of nanomaterials that have

stimulated research interests into their fundamental properties,
including superparamagnetism, high coercivity, small size
effects, macroscopic quantum tunneling effects, and high
magnetization.26,27 MNPs have been widely used in physics,
chemistry, medicine, biology, food safety, and environmental
contamination. The main applications of MNPs are targeted
drug delivery, bioseparation, diagnosis and treatment of
diseases, and magnetic resonance imaging (MRI).28−31 MRI
is a nondestructive detection technology, and the MRI images
of samples easily reflect detection results. In recent years,
MNPs acting as contrast agents have been frequently employed
in the detection of harmful elements, and fabricated MRI
sensors have made a significant contribution to food safety,
environmental protection, and many other fields.32−36

Therefore, in our work, we have taken advantage of the
unique properties of MNPs and the catalytic activity of
DNAzyme specific to Pb2+ to build a novel MRI DNAzyme
sensor for the highly sensitive detection of Pb2+. The
organization of the MRI sensor for Pb2+ detection is shown
in Scheme 1. The sensor contains four nucleotide sequences.
The two DNA sequences of 5′ and 3′ were functionalized with
an amino group (S1 and S2, respectively), which bind with
carboxyl-group-modified MNPs. The 8−17 DNAzyme consists
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of an enzyme strand (17E) and a substrate strand (Sub). Their
detailed sequences are shown in the Supporting Information.
The enzyme strand has two substrate binding regions and a
catalytic core, and the substrate strand has a single RNA
cleavage site. At both ends of the substrate strand, 12 extra
bases were added to hybridize with the two types of MNP-
modified DNA. The four types of nucleotide sequences
hybridized each other when they were mixed together, which
resulted in aggregation of the MNPs. In the presence of Pb
Pb2+, the substrate strand was cleaved by the catalyst of the
enzyme strand. With different concentrations of Pb2+, MNPs
showed different aggregation levels, and then, the spin−spin
relaxation time (also known as transverse relaxation time, T2)
of the whole sample was varied. The MNP’s aggregation with
decreasing gradually in assembled degree can shorten the T2
relaxation time of surrounding water just as the magnetic fields
from the MNP aggregations dephase the precession of nuclear
spins in water protons in the solution.

2. EXPERIMENTAL SECTION
2.1. Materials and Apparatus. 1-Ethyl-3-(3-dimethyl

aminopropyl) carbodiimide hydrochloride (EDC) and N-
hydroxy succinimide (NHS) were both obtained from Sigma-
Aldrich. The Fe3O4 MNPs were purchased from Beijing
Oneder Hightech Co., Ltd. Water used in the whole procedure
was deionized and purified to 18.2 MΩ·cm resistivity at 25 °C
(Millipore). All of the DNA fragments were synthesized by
Shengon Biotechnology Co. Ltd. Their sequences are listed as
follows:
S1:5′-NH2-TCACAGATGAGT-3′
S2:5′-NH2-CACGAGTTGACA-3′
1 7E : 5 ′ -CATCTCTTCTCCGAGCCGGTCGAA -

ATAGTGAGT-3′
S u b : 5 ′ - ACTCATCTGTGAACTCACTAT( rA ) -

GGAAGAGATGTGTCAACTCGTG-3′
Transmission electron microscopy (TEM) images were

obtained using a JEOL 2100 microscope (Japan). The size
distribution of the MNPs assembly was measured by a DLS
instrument (Malvern Zetasizernano, England). T2 was
determined on the Niumag-NMI20-Analyst (Shanghai Niu-
mag Corp.), and the MRI images were obtained on the
MiniMR-60 (Shanghai Niu-mag Corp.); the field intensities
were 0.5 and 0.55 T, respectively.

2.2. NMR Measurement. To construct the MRI sensor to
detect Pb2+, 10 nM of the successfully conjugated MNPs
(MNPs-S1 and MNPs-S2), 1 μM Sub, and 2 μM 17E were
mixed together in 100 μL of Tris-acetate buffer (25 mM, pH
7.2, containing 100 mM NaCl) in the centrifuge tube. The
sample was then heated to 70 °C and allowed to cool slowly to
room temperature to promote the assembly of MNPs. The
resulting DNAzyme−MNPs assembly was equilibrated for 2
min and then used as a sensor to 4 Pb2+. We performed T2
relaxation time measurements and imaging experiments using a
0.47 T NMI20-Analyst (Niumag Corp., Shanghai, China) at
room temperature, as previously described. The T2 relaxation
time was measured on the centrifuge tubes using Carr−
Purcell−Meiboom−Gill pulse sequences with the following
parameters: echo time, 4 ms; repetition time, 6 s; the number
of 180° pulses per scan, 500; the number of scans, 8.

3. RESULTS AND DISCUSSION
Fe3O4 MNPs with a diameter of 10.3 ± 1.6 nm were purchased
from Beijing Oneder Hightech Co., Ltd. and were function-
alized with carboxyl groups and showed excellent biocompat-
ibility. The MNPs also had favorable dispersibility, as shown in
Figure 1A. The carboxylic groups on the surface of the MNPs

were activated by EDC and NHS. Typically, 0.0746 mg of EDC
and 0.12 mg of NHS were added to 100 μL of PBS (0.01 M
sodium phosphate and 50 mM NaCl) containing 0.15 mg of
Fe3O4 nanoparticles. After reacting for about 15 min, 10 nM
MNPs were introduced into 1 μM S1 and S2, respectively,
resulting in a ratio of DNA conjugated to particles of 100:1.
Under gentle shaking, the coupling reaction lasted for 4 h at
room temperature. Further purification by ultrafiltration was
carried out to remove excess DNA using a 3000 MW cutoff
membrane. Ultrafiltration was performed three times at 10000

Scheme 1. Scheme of the MRI Biosensor for Pb2+ Detection
Based on DNAzyme-Induced Catalytic Reaction

Figure 1. . Representative TEM images of MNPs and a MNPs
assembly under three concentrations of Pb2+. (A) Disperse MNPs, (B)
MNPs assembly in the presence of 0 ng mL−1 of Pb2+, (C) MNPs
assembly in the presence of 1 ng mL−1 of Pb2+, and (D) MNPs
assembly in the presence of 10 ng mL−1 of Pb2+.
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r/min for 5 min each time to ensure complete DNA removal.
PBS was then replaced with 25 mM Tris-acetate buffer at pH
7.2.
To confirm the coupling effect between DNA oligonucleo-

tides and Fe3O4 particles, DLS was adopted to determine the
size variation of the Fe3O4 particles before and after the
conjugation reaction. Compared with the original particles, the
hydrodynamic size of the conjugates showed an obvious
increase (Figure S1, Supporting Information). This result
demonstrated that amino-modified DNA molecules were
effectively coupled to carboxyl-functionalized MNPs.
The concentration of the substrate and enzyme played a

critical role in the assembly of MNPs, which were optimized to
improve the effect of the MRI sensor (Figures S2 and S3,
detailed in the Supporting Information). The T2 relaxation time
of the MNPs assembly increased with increasing substrate
concentration in the range of 100 nM to 1.5 μM and reached a
plateau at 1 μM. The concentration of enzyme varied from 200
nM to 3 μM, and the T2 values were highest at 2 μM.
Therefore, to achieve efficient assembly of MNPs, 1 μM of the
substrate and 2 μM of enzyme were selected for construction of
the MRI sensor.
For the determination of Pb2+, different concentrations of

Pb2+ ranging from 0.1 to 20 ng mL−1 were added to the sensor.
Determination of each sample was conducted in a 50 μL
reaction system. The tube was then incubated in a water bath at
50 °C for 2 min and cooled slowly to room temperature over 2
h in the water bath. The reaction products were analyzed by
MRI to reveal the variation in MNPs aggregation states. The
MR images of different concentrations of Pb2+ are shown in
Figure 2A. With an increase in Pb2+ concentration, the cleavage
degree of DNAzyme and the dispersibility of the MNPs
assembly correspondingly increased, which resulted in a
decrease in the T2 relaxation time. Thus, the brightness of
the MR images gradually decreased from top to bottom. The
negative control without Pb2+ showed the greatest level of

aggregation, the T2 relaxation time was highest, and the image
was brightest.
For the quantitative analysis of Pb2+, a standard curve was

established according to the T2 values at different concen-
trations of Pb2+, including 0.1, 0.5, 1, 2, 5, 10, and 20 ng mL−1.
The standard curve, which had an excellent correlation value of
R2 = 0.9939, is shown in Figure 3, and a low limit of detection
(LOD) of 0.05 ng mL−1 was obtained.

TEM was carried out to analyze the structure of the MNPs
assembly. As shown in Figure 1B−D, at three concentrations of
Pb2+ (0, 1, and 10 ng mL−1), the typical TEM images of MNPs
were measured. With an increase in Pb2+, the degree of the
MNPs assembly displayed a decreasing trend with cleavage of
DNAzyme in the presence of more Pb2+.
The selectivity of the MRI sensor was determined in the

presence of various other divalent metal ions (Mn2+, Zn2+,
Mg2+, Fe2+, Ca2+, Hg2+, and Cu2+) at the concentration of 5 ng
mL−1. As a result, the T2 relaxation time did not change
significantly in the control without targets, and the brightness of
the MR images was almost the same, as shown in Figure 2B.
Therefore, these ions with the exception of Pb2+ ions did not
have high catalytic activity toward the cleavage by 17E
DNAzyme, indicating the high specificity of the designed
MRI DNAzyme sensor for Pb2+ ion detection.
To evaluate the feasibility and reliability of the sensor, the

recovery ratio of Pb2+ ions was determined in tap water.
Following the addition of different concentrations of target
Pb2+ (0.1, 0.2, 0.5, 1, 2, and 5 ng mL−1), satisfactory recovery in
the range of 92.7−97.6% was obtained (Table S1, Supporting
Information). These results confirmed that this assay would be
a useful test for detecting Pb2+ residues in real samples.

4. CONCLUSIONS
In conclusion, a highly sensitive MRI sensor was developed for
the detection and quantification of Pb2+. With the aid of the
catalytic reaction of DNAzyme, which is specific for Pb2+, the
MNPs assembly was cleaved into different aggregation levels
under different concentrations of Pb2+. Due to the high
sensitivity and resolution ratio of MRI, a low LOD of 0.05 ng
mL−1 was observed at a Pb2+ range of 0.1−20 ng mL−1. This
MRI sensor has high-throughput, is highly sensitive and
specific, can be used in real samples, and has potential in the
detection of multiple metal ions.

Figure 2. The T2 values images (a) and MR image (b) of the
detection. (A) The detection of Pb2+; from top to bottom, the
concentrations of Pb2+ were 0, 0.1, 0.5, 1, 2, 5, 10, and 20 ng mL−1. (B)
The detection of other metal ions; from top to bottom, Mn2+, Zn2+,
Mg2+, Fe2+, Ca2+, Hg2+, and Cu2+.

Figure 3. The standard curve of the determination of Pb2+.
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