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ABSTRACT: A 2D metal−organic framework (MOF) of {[Cu(Dcbb)(Bpe)]·Cl}n (1,
H2DcbbBr = 1-(3,5-dicarboxybenzyl)-4,4′-bipyridinium bromide, Bpe = trans-1,2-bis(4-
pyridyl)ethylene)) has been prepared. MOF 1 associates with the thymine-rich (T-rich),
single-stranded probe DNA (ss-DNA, denoted as P-DNA) labeled with fluorophore
FAM (FAM = carboxyfluorescein) and quenches the FAM emission to give a
nonemissive P-DNA@1 hybrid (off state). The P-DNA in the hybrid subsequently
captures the Hg2+ to give a rigid double-stranded DNA featuring T−Hg2+−T motif (ds-
DNA@Hg2+) and detach from MOF 1, triggering the recovery of the FAM fluorescence
(on state). Upon subsequent addition of I−, Hg2+ was further sequestrated from the ds-
DNA@Hg2+ duplex, driven by the stronger Hg−I coordination. The released P-DNA is
resorbed by MOF 1 to regain the initial P-DNA@1 hybrid (off state). The P-DNA@1
sensor thus detects Hg2+ and I− sequentially via a fluorescence “off−on−off” mechanism.
The sensor is highly selective and sensitive, yielding detection limits of 3.2 and 3.3 nM, respectively. The detection process was
conformed by circular dichroism (CD) and the detection mechanism was verified by fluorescence anisotropy, binding constant,
and simulation of the binding free energy at each stage.

■ INTRODUCTION

Monitoring the level of notoriously toxic Hg2+ in water has a
strong relevance to human health.1 Hg2+ readily penetrates the
skin in the respiratory tract and gastrointestinal tissue, leading
to irreversible damage to the central nervous system and
resulting in kidney failure as well as various cognitive and
motion disorders, especially brain damage.2 In addition,
microbial biomethylation of Hg2+ yields methyl mercury
which could pass through the placenta and is confined in the
central nervous system, resulting in damage to the developing
brain.3 Since the Hg2+ in water is the major source of exposure
and according to the World Health Organization (WHO), the
maximum allowed Hg2+ concentration in drinking water is 30
nM.4

The other common yet biologically relevant anion is I−.
Consumption of I− is crucial for thyroid hormone production.5

However, excessive intake of I− also results in hypothyroidism
and hyperthyroidism, due to its cause of thyroid dysfunction.6

Thyroid hormone deficiency during fetal and postnatal
development causes retarded brain maturation, intellectual
deficits, and neurological impairment in some cases.7 In view of
the impact of both Hg2+ and I− on human brain development
and the nervous system, it is imperative to monitor the Hg2+

and I− levels in drinking water.
Metal−organic frameworks (MOFs) have appeared to be an

attractive series of sensing materials for cations/anions, in
addition to other promising properties related to porosity,

material design capacity, and thermal/chemical stability.8−14

The mostly practiced principle of metal ion detection by a
MOF is that of decorating functional groups on its surface.15,16

These functionalities include thiol,17 pyridyl,18 benzimidazol-
yl,19 methionine,20 and melamine,21 which can specifically
interact with metal ions, especially for Hg2+ due to its large
ionic radius compared to most of the other metal ions.22−27

The interaction between functional group and Hg2+ hinders
the energy transfer from organic ligands to metals ions in
MOFs and thus causes the luminescence decay of the MOFs.28

In addition, the collapse of the MOF structures to regenerate
the ligand by Hg2+ can also be used to selectively but
irreversibly detect Hg2+.29 More recently, Zhang et al.
pioneered the use of UiO-66-NH2 for the construction of a
P-DNA@MOF (P-DNA = probe DNA) hybrid system to
selectively detect Hg2+ by forming hairpin-like thymine−
Hg2+−thymine (T−Hg2+−T) structure.30
In sharp contrast, there are few reports on the use of MOFs

for the detection of I−.31 Zhao et al. reported cationic
heterometal−organic frameworks with NO3

− in the channels,
serving as highly sensitive and specific luminescent probe for I−

sensing in the aqueous phase through anion exchange.32 More
recently, Yang et al. incorporated Ag2+ into the framework of
MIL-101 to elevate its intake of I−.33 Nonetheless, so far as we
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are aware, a biosensor based on P-DNA@MOF for I−, as well
as a sensing platform able to detect Hg2+ and I− specifically in a
one-pot process, has not been reported.
We herein report a biosensor composed from a 2D MOF of

{[Cu(Dcbb)(Bpe)]·Cl}n (1, H2DcbbBr = 1-(3,5-dicarboxy-
benzyl)-4,4′-bipyridinium bromide, Bpe = trans-1,2-bis(4-
pyridyl)ethylene, Figure 1A) and P-DNA, denoted as P-
DNA@1, for the succession sensing of Hg2+ and I−. As shown
in Figure 1B, the emissive FAM-labeled (FAM = carboxy-
fluorescein) T-rich single-stranded probe DNA (ss-DNA,
denoted as P-DNA, on state) can be absorbed on the surface
of MOF 1 to form a P-DNA@1 hybrid with fluorescence
quenching (off state) through the PET (photoinduced electron
transfer) process.34−36 Upon introducing Hg2+, each two N
atoms from a pair of thymine bases (T) of the P-DNA strands
coordinate to one Hg2+ to give a double-stranded DNA
comprising hairpin-like T−Hg2+−T subcomponent (ds-
DNA@Hg2+).30 Upon Hg2+ association, the ds-DNA@Hg2+

also becomes more rigid compared to the random-coiled P-
DNA and subsequently detaches from MOF 1 with the
restoration of fluorescence (on state) and form 1 + ds-DNA@
Hg2+. With further addition of I− into the 1 + ds-DNA@Hg2+

system, Hg2+ is extracted from the ds-DNA@Hg2+ due to the
stronger affinity of I− toward Hg2+. As a consequence, the ds-
DNA@Hg2+ unwinds to give P-DNA and resorbed by MOF 1,
accompanied by the quench of the fluorescence again (off
state). Therefore, an “off−on−off” fluorescent sensing scenario
with high sensitivity and specificity toward Hg2+ and I− in
succession has been achieved.

■ EXPERIMENTAL SECTION
The FT-IR spectra were collected on a Nicolet MagNa-IR 550
infrared spectrometer. Microanalysis data were collected on an
EA1110 CHNS elemental analyzer. Powder X-ray diffraction (PXRD)
date were collected on a Rigaku D/max2200/PC. The X-ray prompt
from the sealed Cu tube was monochromated with a graphite crystal
and collimated by a MONOCAP (0.5 mm, λCuKα = 1.54178 Å). The
voltage and current of the tube were respectively set to 40 kV and 40
mA. Fluorescence spectra were measured on an LS 55 fluorescence
spectrophotometer.
The H2DcbbBr ligand was synthesized following our established

procedure.37 The thymine-rich probe DNA sequence (P-DNA: 5′-
FAM-TTCTTCTTGCCCCCCTTGTTGTT-3′) were commercially
available from Sangon Inc. (Shanghai, China) and were dissolved in
Hepes buffer (pH 7.4, 20 mM, Hepes = 2-[4-(2-hydroxyethyl)-1-
piperazinyl] ethanesulfonic acid). These samples were respectively
stored at −20 and −80 °C for immediate use and long-term
preservation. All the other chemicals were directly from commercial
sources and used as received.

Synthesis of {[Cu(Dcbb)(Bpe)]·Cl}n (1). Powder of H2DcbbBr
(166.0 mg, 0.4 mmol) was dispersed in H2O (20 mL) by sonication.
The pH was adjusted to 7.0 using NaOH (0.1 M) to give a clear
solution. This is followed by dropwise addition of CuCl2 (26.9 mg,
0.2 mmol) dissolved in H2O (20 mL). The mixture was further stirred
for 30 min to give a homogeneous blue solution. Subsequently, Bpe
(36 mg, 0.2 mmol) dissolved in DMF (1 mL) was slowly added, and
the mixture was shaken for a while to give a blue solution containing a
small amount of blue precipitate. After filtration, the filtrate was kept
at room temperature for several days to obtain crystals of MOF 1,
which was collected by filtration and washed with diethyl ether and
dried in vacuo (104.9 mg, 85%). Anal. Calcd (%) for
C31H23ClCuN4O4: C 60.59, H 3.77, N 9.12. Found: C 60.21, H
4.19, N 8.58. IR (KBr disc, cm−1) ν 3556 (s), 3279 (m), 1640 (m),
1626 (s), 1573 (s), 1412 (m), 1372 (m), 829 (m), 782 (m), 722 (m),
621 (m), 479 (m).

Single-Crystal X-ray Crystallography. Single-crystal X-ray
crystallographic study for MOF 1 was carried out on a Bruker
APEX II diffractometer coupled with graphite-monochromated Mo
Kα (λ = 0.71073 Å) irradiation. The data were corrected and
absorption correction with SADABS subsequently performed.38 The
structure was solved by direct method and refined by full-matrix least-
squares techniques on F2 with SHELXTL-2013 program.39 While
acceptable solvent model could not be achieved for some spatially
delocalized electron density in the lattice, such solvent contribution
was then modeled with SQUEEZE function in the Platon suite.40,41

The data of MOF 1 have been deposited in the CCDC (Cambridge
Crystallographic Data Center) with number of 1845959. These data
can be either downloaded free of charge from the CCDC via www.
ccdc.cam.ac.uk/data_request/cif or from the Supporting Information.
Some relevant crystallographic data and bond parameters for MOF 1
are listed in Tables S1 and S2.

Hg2+ and I− Detection Experiments. All the experiments
described below were carried out in 20 mM Hepes buffer (pH 7.4) at
room temperature. The fluorescence intensity at 518 nm (λex = 480
nm) was used for quantitative analysis, with both excitation and
emission slit widths set to 10.0 nm. Each experiment was repeated
three times with their average values used for calculation.

Step 1: Establishment of the Hg2+ Sensor. A solution of P-DNA
(50 nM) was stirred with various concentrations of MOF 1
containing 50 nM P-DNA until quenching is saturated to form a P-
DNA@1 hybrid (Hg2+ sensor). The emission data were measured
accordingly and the quenching efficiency (QE, %) deduced from eq 1.

= − ×Q F F(1 / ) 100%E M 0 (1)

wherein FM/F0 features fluorescent intensities at 518 nm in the
presence/absence of MOF 1.

Step 2: Evaluation of the Detection Sensitivity of the Hg2+
Sensor and Construction of the I− Sensor. Hg2+ of varied
concentrations were introduced into the P-DNA@1 solution,
followed by incubation for 30 min to give the 1 + ds-DNA@Hg2+

system (I− sensor), and eq 2 was used for the deduction of the
fluorescence recovery efficiency (RE).

Figure 1. (A) Chemical structures of H2DcbbBr and Bpe. (B) Detection mechanism of Hg2+ and I− based on the hybrid of MOF 1 and T-rich P-
DNA.
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= −R F F/ 1E T M (2)

wherein FT/FM represents the emission intensity at 518 nm in the
presence/absence of Hg2+.
Step 3: Assessment of the Detection Sensitivity of the I− Sensor.

Adding I− of varied concentrations to the above 1 + ds-DNA@Hg2+

solution until quenching was saturated and the QE calculated
according to eq 1.
To evaluate the selectivity and sensitivity of the Hg2+ and I−

sensors, other metal cations, including Ba2+, Ca2+, Cd2+, Cu2+, K+,
Mg2+, Mn2+, Na+, Ni2+, and Pb2+, as well as the anions, including
SO4

2−, CO3
2−, NO3

−, OH−, HSO4
−, H2PO4

−, F−, Cl−, and Br−, with
concentrations 10-fold higher than those of Hg2+ and I− were
investigated under the same experimental conditions.
The emission intensity changes of P-DNA and ds-DNA@Hg2+ at

the emission wavelength of 518 nm were invoked to estimate their
binding constant (Kb) and binding stoichiometry (n) for their
association with MOF 1 following eq 3.

[ − ] = [ ] +F F F n Q KLog ( )/ Log Log0 b (3)

wherein F0/F represents the emission intensities in the absence/
presence of different concentrations of MOF 1, and [Q] is the
concentration of MOF 1.

Molecular Simulation Studies. MOF 1 with 2D structure, P-
DNA, and ds-DNA@Hg2+ with chain structures were constructed
using Molecular Operating Environment (MOE) package.42 The
initial structure of P-DNA@1 or 1 + ds-DNA@Hg2+ was manually
built by placement of P-DNA or ds-DNA@Hg2+ in the location 2 Å to
the MOF 1 plane. Structures were first optimized in MOE using
MMFF94x force field and then reoptimized in UFF of Gaussian 0943

where Gibbs free energy calculations were simplified by calculating
single point energies. Finally, Python molecule (PyMOL)44 was
employed for visual analysis of binding modes. The binding free
energy difference (ΔΔG) between reactions of MOF 1 with single
chain P-DNA (ΔGP‑DNA@MOF) or double chain ds-DNA@Hg2+

(ΔGMOF+ds‑DNA@Hg
2+) is evaluated according to the following:

Figure 2. Structure of MOF 1. (A) Full coordination sphere of the Cu2+. (B) 1D chain defined by Cu2+ and Dcbb ligand propagating along the a
axis. (C) 2D structure extended within the ac plane. Color legend: Cu (cyan), O (red), N (blue), and C (black).

Figure 3. (A) Emission quenching of P-DNA (50 nM) incubated with different concentrations of MOF 1 (a), emission recovery of P-DNA@1 (50
nM/12 μM) sensing system toward different concentrations of Hg2+ (b), and fluorescence quenching of 1 + ds-DNA@Hg2+ (12 μM/50 nM/1
μM) sensing system toward different concentrations of I− (c). (B) CD spectra of MOF 1 (250 μM) and P-DNA (10 μM) with different
concentrations of MOF 1 (50, 83, 107, and 125 μM, a−d). (C) CD spectra of P-DNA@1 (10 μM/125 μM) with different concentrations of Hg2+

(15, 22.5, 30, 37.5, 45, and 52.5 μM, a−f) and ds-DNA@Hg2+ (10 μM/52.5 μM). (D) CD spectra of 1 + ds-DNA@Hg2+ (125 μM/10 μM/52.5
μM) with different concentrations of I− (30, 45, 60, 75, 90, and 105 μM, a−f).

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b01051
Inorg. Chem. XXXX, XXX, XXX−XXX

C

http://dx.doi.org/10.1021/acs.inorgchem.8b01051


ΔΔ = Δ − Δ

= [ − + −

[ − + ]

= − ]

− −

‐ + ‐

‐ ‐

+ ‐ ‐

‐ + ‐

‐ ‐

+

+ +

+

+

G G G

G G G

G G G

G G

G G

( )

( )

(

( )

P DNA@MOF MOF ds DNA@Hg

P DNA@MOF MOF P DNA

MOF ds DNA@Hg MOF ds DNA@Hg

P DNA@MOF MOF ds DNA@Hg

P DNA ds DNA@Hg

2

2 2

2

2 (4)

■ RESULTS AND DISCUSSION

Synthesis and Characterization of MOF 1. MOF 1 was
prepared in 85% yield by reacting CuCl2 with deprotonated
zwitterionic carboxylate H2DcbbBr and Bpe. Powder of MOF
1 was placed in Hepes buffer (pH 7.4, 20 mM) at room
temperature and sonicated to yield a suspension. The
suspension was kept for 12 h and then isolated by
centrifugation. The precipitate collected was dried in vacuum.
The powder X-ray diffraction (PXRD) pattern of the
recollected sample of 1 is agreeable with that simulated from
the crystallographic data, both indicating its phase purity and
biological system stability (Figure S1).
Crystal Structure of {[Cu(Dcbb)(Bpe)]·Cl}n (1). MOF 1

crystallizes in triclinic space group P1̅ with its asymmetric unit
features one [Cu(Dcbb)(Bpe)] molecule and one Cl− anion.
Each Cu2+ is bonded with two N atoms of a pair of Bpe
molecules, two O atoms from a pair of bridging carboxylates
(μ2-η

1, η1), and one monodentate carboxylate from the third
Dcbb ligand, yielding a trigonal bipyramidal coordination
geometry for each Cu2+ (Figure 2A). A pair of μ-carboxylates
juxtaposes two Cu2+ to give a dimeric unit of [Cu2(Dcbb)2].
Such a dimer extends to 2 equiv to form a 1D chain
propagating in the a axis (Figure 2B). Adjacent 1D chains are
approximately 11.1 Å apart. This distance approximates the
length of a Bpe ligand (ca. 7.08 Å) plus two Cu−N bonds (ca.
2.0 Å for each). Thus, the Bpe ligands are snuggly
accommodated, and the Cu−Bpe chain is aligned in the c
direction to result in a 2D network in ac plane (Figure 2C).
Sensing Properties of MOF 1 toward Hg2+ and I−. We

conducted all the detection process in Hepes buffer (pH 6.8−
8.2) as it showed higher detection sensitivity and selectivity
than in Tris-HCl (pH 7.1−9.0) and MOPS (MOPS = 3-(N-
morpholino)propanesulfonic acid, pH 6.5−7.9). The con-
struction of P-DNA@1 hybrid system (Hg2+ sensor) is based
on the affinity between MOF 1 and P-DNA, which has been
demonstrated in our previous studies.45−49 In order to verify
the detection sensitivity of Hg2+ and I−, we conducted the
following experiments. In the first step, we established the
optimal Hg2+ sensor by mixing MOF 1 and T-rich P-DNA (50
nM) in Hepes buffer (pH 7.4, 20 mM). As shown in Figures
3A-a and S2a, with the addition of MOF 1, the emission
intensity of P-DNA decreased continuously until saturation,
and the QE of 90.5% was achieved with the concentration of 12
μM for MOF 1. This concentration was selected for the
following experiments as it provides the lowest background
emission for the detection of Hg2+.
In the second step, we evaluated the detection sensitivity of

the P-DNA@1 sensor toward Hg2+. As shown in Figures 3A-b
and S2b, when incubating different concentrations of Hg2+

with P-DNA@1 hybrid, the fluorescence intensity was
significantly recovered until saturation (1 μM Hg2+) observed
with the recovery efficiency (RE) being 3.9. The fluorescence
recovery is observed due to the strong bonding between the

Hg2+ and the N atoms of the T bases to form the rigid hairpin-
like T−Hg−T duplex ds-DNA@Hg2+, which is subsequently
repelled by MOF 1.50 The 1 + ds-DNA@Hg2+ system thus
formed in turn functions as the I− sensor. The limit of
detection (LOD) for Hg2+ was calculated as 3.2 nM based on
3σ/slope (σ = standard deviation for 10 blank samples), which
is nearly an order of magnitude lower than the maximum
allowable Hg2+ concentration in drinking water (30 nM)
defined by the WHO.4 The recoveries of mercury ions in
serum and environmental water samples were from 94.6 to
99.1% (Table S3).
The final step is to assess the detection sensitivity of the

constructed I− sensor of 1 + ds-DNA@Hg2+. Comparing the
formation constant of HgI2 (8.3 × 1023 M−1)/HgI4

2− (5.6 ×
1029 M−1) with T−Hg−T (106 M−1), it is obvious that Hg2+

exhibits a much higher affinity for I− than the T base. Thus, I−

will sequester the Hg2+ from ds-DNA@Hg2+ to give HgI2/
HgI4

2−.51 The unwound P-DNA is subsequently resorbed by
MOF 1, leading to the fluorescence quenching again. As
illustrated in Figures 3A-c and S2c, upon adding different
concentrations of I− to the 1 + ds-DNA@Hg2+ system, the
fluorescence intensity decreased with an increased concen-
tration of I− from 0 to 2 μM. The QE and the LOD were
calculated to be 64.7% and 3.3 nM, respectively. Such LOD is
comparable to that of [Tb2Zn(L)3(H2O)4](NO3)2·12H2O}n
(L = 4,4′-dicarboxylate-2,2′-dipyridine anion) (10 nM)
reported by Zhao et al.32 The recoveries of I− in serum and
environmental water samples were from 94.1 to 104.6% (Table
S3). The Hg2+ and I− detection process can be repeated three
times with the effective RE values for Hg

2+ and QE values for I
−

(Table S4), indicating the stability of the sensor.
In order to further elaborate the detection process, the P-

DNA conformation change caused by Hg2+ and I− was studied
by circular dichroism (CD) spectroscopy. Single-stranded P-
DNA with a concentration of 10 μM respectively exhibited a
positive CD peak. The intensity of the peak gradually
decreased with the increased concentrations of MOF 1 (Figure
3B). MOF 1 fails to absorb all the P-DNA (10 μM) at its
highest concentration of 250 μM, leading to partial
disappearance of the CD peak only. With an increased
concentration of Hg2+ in the P-DNA@1 sensing system, the
intensity of positive peak weakened and ultimately disap-
peared, accompanied by the continuously increased intensity
of the negative peak with also slight redshift (Figure 3C),
attributable to the formation of a large amount of T−Hg2+−T
ds-DNA@Hg2+complex.50 Finally, with the addition of I− to
the 1 + ds-DNA@Hg2+ system, the negative peak disappeared
and the positive peak appeared again, indicating that the ds-
DNA@Hg2+ (T−Hg2+−T) unwind to release P-DNA (Figure
3D). In Figure 3D, the CD signal upon regeneration of P-DNA
does not completely reach its initial millidegree (the blue one),
likely ascribed to the existence of equilibrium of the ds-DNA@
Hg2+ and HgI2/HgI4

2− in the solution and the release of P-
DNA is not complete.
The above observations are ascribed to the structural

features of MOF 1. First, MOF 1 is sustained by a zwitterionic
ligand featuring aromatic rings and positively charged
pyridinium centers. This unique ligand further lined up with
positively charged Cu2+ to yield a 2D sheet structure with high
surface exposure. MOF 1 is thus able to associate with the P-
DNA through a variety of intermolecular forces, such as
electrostatic, π-stacking, and/or hydrogen-bonding, to give a P-
DNA@1 hybrid with quenched FAM emission.34−36 Second,
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in the subsequent emission recovery step, MOF 1 plays a vital
role in distinguishing single-stranded P-DNA (ss-P-DNA)
from the ds-DNA@Hg2+ duplex.46 Due to the absence of
unpaired bases, the relatively rigid structures, and the large
cross-sectional areas, the formed ds-DNA@Hg2+ duplex fails to
effectively interact with MOF 1. In sharp contrast, the P-DNA
with conformational flexibility and smaller cross-sectional area
should be able to “induced fit” to interact with MOF 1 via
multiple noncovalent interactions.49 Therefore, the coordina-
tion of Hg2+ with the absorbed P-DNA would trigger the
release of the latter from MOF 1 to give the duplex of ds-
DNA@Hg2+, leading to the emission recovery. Such
assumption is further evidenced by the alteration of the
fluorescence anisotropy (FA) of the P-DNA and ds-DNA@
Hg2+ (hybrid duplex) prior and after the introduction of MOF
1, respectively. It is established that when a fluorophore is
bound to a molecule, e.g., FAM to ss-DNA, to give P-DNA in
the present case, the motion-related factors increase when the
P-DNA was adsorbed by MOF 1 due to its large molecular
size.46 Thus, FA functions as a means to estimate if P-DNA or
ds-DNA@Hg2+ is associated with the surface of MOF 1. As
shown in Figure 4A, the addition of MOF 1 into the P-DNA
led to an increase in the FA by factors from 0.036 ± 0.003 to
0.115 ± 0.004, whereas negligible influence was observed for
ds-DNA@Hg2+. These results suggest the stronger interaction
of MOF 1 with the P-DNA than with hybrid duplex ds-DNA@
Hg2+. The binding constants of MOF 1 with P-DNA (2.58 ×
105 M−1) is 14 times higher than that with ds-DNA@Hg2+ (1.9
× 104 M−1), further suggesting stronger association of MOF 1
with P-DNA than with ds-DNA@Hg2+ duplex.

To further elucidate the detection mechanism, the binding
free energy difference (ΔΔG) between reactions of MOF 1
with P-DNA (ΔGP‑DNA@MOF) and MOF 1 with ds-DNA@Hg2+

(ΔGMOF+ds‑DNA@Hg
2+) is calculated. When ΔΔG < 0

(ΔGP‑DNA@MOF < ΔGMOF+ds‑DNA@Hg
2+), meaning that the

binding of P-DNA to MOF 1 is stronger than that of ds-
DNA@Hg2+ and vice versa. Gibbs free energy calculations
were simplified by calculating single point energies. The result
(Table S5) showed that ΔΔG = −83.38 kcal/mol < 0,
suggesting that P-DNA bounds to MOF 1 more tightly than
ds-DNA@Hg2+, in accordance with the experimental observa-
tion.
The electrostatic surface showed that the surface of MOF 1

was largely positive and P-DNA was covered by a negative and
neutral surface with the scattered positive area, which led to
good electronic complement between MOF 1 and P-DNA.
Single chain P-DNA exhibits higher contact area with MOF 1
due to its structural flexibility, while double chain ds-DNA@
Hg2+ only has a small interface (Figure 4B-a,B-c). P-DNA
bound to MOF 1 mainly by π−π stacking of aromatic rings
and salt bridges between phosphate groups and pyridinium
moieties. Figure 4B-b displayed two π−π stacking between
cytosine and bipyridinium with distances between ring
centroid of 4.0−5.3 Å, in addition to a salt bridge with charge
center distances of 5.6 Å. In stark contrast, the ds-DNA@Hg2+

interacted with MOF 1 primarily through a small number of
salt bridges (4.9 Å) between the phosphate group and the
pyridinium N+ center (Figure 4B-d).
The specificity of the Hg2+ sensor was assessed by

comparing its response to Hg2+ and those contaminated with
other metal cations including Ba2+, Ca2+, Cd2+, Cu2+, K+, Mg2+,

Figure 4. (A) Changes of fluorescence anisotropy of P-DNA (50 nM) and ds-DNA@Hg2+ (50 nM/1 μM) prior and after the addition of MOF 1
(12 μM). (B) Interactions between MOF 1 and P-DNA and ds-DNA@Hg2+: (a) and (c) charge distributions where red area represented negative
charges, blue positive, and white neutral; (b) and (d) local binding modes where MOF 1 was displayed by smudge lines and sticks, while P-DNA by
light blue lines and sticks. Charge centers and aromatic ring centers were denoted by yellow spheres, π−π stacking interactions by magenta dashes,
and salt bridges by green dashes.

Figure 5. (A) Detection selectivity of Hg2+ sensor (blank: P-DNA@1 (50 nM/12 μM); Hg2+: 1 μM, other metal ions: 10 μM). (B) Detection
selectivity of I− sensor (blank: 1 + ds-DNA@Hg2+ (12 μM/50 nM/1 μM); I−: 2 μM, other anions: 20 μM).
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Mn2+, Na+, Ni2+, and Pb2+. There exists limited fluorescence
intensity change caused by other metal cations (10 μM),
whereas the emission intensity enhanced significantly upon
introducing Hg2+ (1 μM) (Figure 5A). Subsequently, Hg2+ (1
μM) was added to the solution of other metal ions (10 μM),
leading to the large fluorescence intensity enhancement and
suggesting that the present sensor detects Hg2+ with high
sensitivity and selectivity. Similarly, we also compared
detection specificity of the sensor to I− and other small
anions, such as SO4

2−, CO3
2−, NO3

−, OH−, HSO4
−, H2PO4

−,
F−, Cl−, and Br−. As depicted in Figure 5B, the fluorescence
intensity induced by the other anions (20 μM, 10-fold higher
than I−) only showed a negligible response to fluorescence
quenching. While for I− (2 μM) or I− (2 μM) mixed with
other small anions, it gained a significant fluorescence decrease,
indicating that the sensor possesses sensitivity and selectivity
toward I−.

■ CONCLUSION
We have developed for the first time a sensing system based on
the P-DNA@MOF hybrid that is able to sensitively and
specifically detect Hg2+ and I− in succession in one pot. With
Cu-based MOF 1, coupled with thymine-pertaining P-DNA
well-known to support hairpin-like T−Hg−T duplex, we
achieved a Hg2+ detection limit of 3.2 nM which is 1 order of
magnitude lower than that allowable in drinking water. The
strong affinity of Hg2+ toward I− also inspired us to directly
adopt the Hg2+-sensing product for I−, giving a low I−

detection limit of 3.3 nM, thus completes a dual sensing of
two biologically relevant ions. The integration of MOF,
chromophore-tagged DNA sequences, and simple competitive
coordination chemistry may allow the one-pot dual sensing of
other biorelevant cations (such as Pb2+, Cu2+, and Fe3+) and
anions (such as PO4

3−, Cl−, and S2−) to be executed with high
sensitivity and selectivity, and we are currently exploring such
systems.
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