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ABSTRACT: Two-dimensional (2D) nanomaterials are re-
markably attractive platform candidates for signal transduction
through fluorescence resonance energy transfer or photo-
induced electron-transfer pathway. In this work, a 2D Hofmann
metal organic framework (hMOF) monolayer nanosheet was
developed as an axial coordination platform for DNA detection
via a ligand-to-metal charge-transfer quenching mechanism.
Through modulating the position of phosphonate groups of
rigid ligands, a layer-structured hMOF was synthesized. The
single crystals showed that the adjacent layers were linked via
hydrogen bonds between diethyl 4-pyridylphosphonate and the
solvent. Furthermore, the 2D hMOF monolayer nanosheets
were obtained easily via a top−down method. More
significantly, the quenching mechanism was identified as an
axial coordination between the open Fe2+ sites of hMOF nanosheets and fluorophores with 91% quenching efficiency,
constituting an excellent signal transduction strategy. The smart use of hMOF monolayer nanosheets as an axial coordination
platform could lead to promising applications in signal switching or/and sensing devices.
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■ INTRODUCTION

As an emerging molecular crystalline material, metal−organic
frameworks (MOFs) process the unique characters associated
with the large surface area, tunable pore scale, and good
thermal stability.1−3 In particular, MOF nanosheets, a novel
kind of two-dimensional (2D) materials, have been extensively
applied in catalysis,4,5 biomimetic materials,6,7 gas separation,8

sensing,9 and cancer therapy10 because of their attractive
ultrathin thickness structure.11−13 The MOF nanosheet can be
obtained from “top−down” methods14−17 as well as “bottom−
up” methods.18−21 Oftentimes, extra substances are added to
assist the formation of MOF nanosheets, causing the sealing of
the metal site and thus obstructing its post-modification and
application.22−25 In contrast, Hofmann-type MOFs are a
versatile class of materials with a M1[M2(CN)y] network, in
which, the M1 and M2 metal ions are both transition metals
with octahedral and square planar coordination, respec-
tively.26−31 The structure of Hofmann MOFs can be regulated
by intermolecular interactions between the guest molecules
and reactive metal sites in host MOFs.32,33 Therefore, the
inherent layers of Hofmann MOF have the potential to
downsize to MOF nanosheets through modulation and
exfoliation. Moreover, the exposed M1 and M2 metal ions of
Hofmann MOF nanosheets own an exclusive axial coordina-
tion site with fluorophores for signal switching.

DNA detection with various optical and electronic
techniques is an important approach in gene profiling and
early diagnosis of cancer.34−40 Many 2D nanomaterials are
extensively involved in DNA detection because of their unique
properties, such as large surface area, excellent optical
transparency, and superior thermal stability.41−46 These 2D
nanomaterials as an efficient signal transduction platform
usually quench the fluorescence of probes through fluores-
cence resonance energy transfer (FRET) or photo-induced
electron-transfer pathway.47−50 Alternatively, the ligand-to-
metal charge transfer (LMCT) is an exclusive fluorescence-
quenching approach for coordination compounds. That is, the
electron of ligand excited by light can transfer to metal center,
and then the metal excited state is back to the ground state
through nonradiative relaxation.51−55 On the basis of the
unique M1[M2(CN)y] network, here, the Hofmann MOF
nanosheets were utilized as an axial coordination platform for a
new sight in signal switching through the LMCT quenching
mechanism.
The inherent layers of Hofmann-type MOF have the

potential to downsize to metal−organic layer through
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modulation and exfoliation. In this work, to regulate the
interaction between adjacent layers in MOF structures, two
different types of rigid modulators, diethyl 4-pyridylphospho-
nate (4-PyP) and diethyl 3-pyridylphosphonate (3-PyP), were
synthesized. Then, two different dimensional Hofmann MOFs,
[Fe(4-PyP)(H2O)][Pt(CN)4]·H2O·CH3OH (hMOF-1) and
[Fe(3-PyP)][Pt(CN)4] (hMOF-2), were first prepared by
modulating the positions of phosphonate in 4-PyP and 3-PyP
isomer modulators. Significantly, hMOF-1 with twisty layers
could be easily exfoliated to monolayer nanosheets by
ultrasonic treatment. The monolayer nanosheets possessed
excellent fluorescence-quenching ability through axial coordi-
nation between the fluorophores and Fe2+ ions of hMOF-1
nanosheets, providing a unique strategy for using Hofmann
MOF monolayer nanosheets with open axial metal sites in
DNA biosensing.

■ EXPERIMENTAL SECTION
Synthesis of Modulators Diethyl 4-Pyridylphosphonate (4-

PyP) and Diethyl 3-Pyridylphosphonate (3-PyP). The 4-PyP and
3-PyP modulators were prepared according to the previous method
(Figure S1).56,57 Anhydrous toluene (50 mL) in a 100 mL three-
necked round-bottom flask was bubbled with nitrogen for 30 min to
remove oxygen. A mixture of bromopyridine hydrochloride (para- for
4-PyP/meta- for 3-PyP, 20 mmol), diethyl phosphite (24 mmol), and
8 mL of triethylamine was added into the flask under a nitrogen
atmosphere. After heating up to 85 °C, tetrakis(triphenylphosphine)
palladium (0.8 mmol) was added and the reaction temperature was
maintained at 85 °C for 16 h. The white solids were filtered out, and
the toluene solution was washed three times with deionized water (15
mL), dried over MgSO4, and concentrated by distillation under
reduced pressure. Silica gel chromatography eluting with a mixture of
ethyl acetate and n-hexane (3:1, v/v) afforded diethyl pyridylphosph-
onate (4-PyP/3-PyP). Total yield: about 30.9% (4-PyP) and 43.5%
(3-PyP). 4-PyP 1H NMR (CDCl3): δ 8.78 (t, 2H, J = 4.9 Hz), 7.67
(dd, 2H, J = 5.3, 13.3 Hz), 4.16 (m, 4H), 1.35 (t, 6H, J = 7.0 Hz). 3-
PyP 1H NMR (CDCl3): δ 8.99 (d, J = 6.1 Hz, 1H), 8.79 (m, 1H),
8.12 (ddt, J = 7.7, 1.8, 13.2 Hz, 1H), 7.47 (m, 1H), 4.16 (m, 4H),
1.35 (t, 6H). m/z: 216 was represented 4-PyP and 3-PyP combined
one proton (Figures S2 and S3).
Synthesis of Single-Crystal hMOF-1 and hMOF-2. The

crystals were grown by the liquid diffusion method at room
temperature because of the fast reaction rate between Fe(ClO4)2·
6H2O and K2Pt(CN)4·3H2O. Methanol, distilled water, and their
mixed solution (1:1, v/v) were bubbled with nitrogen 30 min to
remove oxygen. Fe(ClO4)2·6H2O (7.2 mg, 0.02 mmol) and the
corresponding modulator (4-PyP or 3-PyP, 8.6 mg, 0.04 mmol) were
added to 0.5 mL of methanol. Also, K2Pt(CN)4·3H2O (8.6 mg, 0.04
mmol) was dissolved in 0.5 mL distilled water. The 0.5 mL
K2Pt(CN)4 water solution was placed at the bottom of a 5 mL
tube first, and then, 4 mL of methanol/water was slowly added to the
tube. After that, 0.5 mL of Fe(4-PyP)n or Fe(3-PyP)n methanol
solution was slowly added to the tube too. Finally, nitrogen was also
used to remove oxygen in tube and plastic wrap was used to seal the
tube. The rhombus-shaped crystals were obtained after placing the
tube steadily for 2 weeks.
Single-Crystal Structure Determination. Single crystals of

hMOF-1 and hMOF-2 were selected for indexing and intensity data
collection on a Bruker Smart Apex CCD diffractometer using
graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) at
room temperature. The data were integrated using the Siemens
SAINT program,58 with the intensities corrected for Lorentz factor,
polarization, air absorption, and absorption due to variation in the
path length through the detector face plate. Absorption corrections
were applied. The structures were solved by direct methods and
refined on F2 by full-matrix least squares using SHELXTL.59 All of the
nonhydrogen atoms were located from the Fourier maps and were
refined anisotropically. All H atoms were refined isotropically with the

isotropic vibration parameters related to the nonhydrogen atoms to
which they are bonded.

Preparation of hMOF-1 Monolayer Nanosheet. hMOF-1
nanosheet dispersion was prepared via a conventional “top−down”
approach. In a typical experiment, 1.0 mg of bulk hMOF-1 suspended
in 2.5 mL water was subjected to ultrasonic treatment (SK3200KHC,
150 W, 53 kHz) for 60 min. The upper colloidal suspension of
exfoliated hMOF-1 nanosheets was collected after sedimentation for
12 h and then used for characterization and fluorescent DNA
detection.

Fluorescence DNA Detection. In a single DNA detection
experiment, 10 μL of probe DNA (0.5 μM) and 10 μL of the target
DNA (0−2 μM) were first hybridized in 220 μL of HEPES buffer (10
mM, pH 7.4) containing 100 mM Na+ and 10 mM Mg2+ for about 10
min at 37 °C. After incubating with hMOF-1 nanosheet dispersion
(10 μL, 0.4 mg mL−1) for 10 min at room temperature, fluorescence
measurements were used to monitor the detection process with the
final concentration of target DNA (0−40 nM). The excitation and
emission wavelengths were fixed at 490 and 516 nm, respectively. All
reported fluorescence measurements were taken as an average of three
replicates.

■ RESULTS AND DISCUSSION

Design and Structure Modulation of hMOF. The single
crystals of hMOF-1 or hMOF-2 were grown by liquid diffusion
of Fe(ClO4)2·6H2O, K2Pt(CN)4·3H2O and 4-PyP or 3-PyP in
water and methanol. Single-crystal X-ray diffraction revealed
that hMOF-1 crystallized in the monoclinic system space
group P21/n with a zigzag 2D layered structure stacked as
ABAB form while hMOF-2 crystallized in the monoclinic space
group P21/m with a 3D framework structure (Figures 1A and
S4, Tables S1−S3). In hMOF-1, the [Pt(CN)4]

2− moiety and
Fe(H2O)(4-PyP) moiety constituted a 2D layer extended in
the ab plane (Figure 1B). As shown in Figure 1C, the oxygen
atoms of coordinated water and nitrogen atoms of 4-PyP
modulators occupied the axial sites of the octahedral Fe2+ ions,

Figure 1. (A) Crystal structure of hMOF-1 and (B) its layer viewed
along the c-axis. (C) Stacking interaction of two adjacent layers
through H bonds in hMOF-1. Solvent molecules and H atoms are
omitted except for coordinated water molecule in (A,B).
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and thus the 2D layers were cross-linked via H bonds among 4-
PyP, the lattice solvents, and the coordinated water molecules.
On the other hand, the apical sites of Fe2+ ions in hMOF-2

were coordinated by the nitrogen atom and oxygen atom of
two disordered 3-PyP modulators, thus leading to a 3D
framework structure (Figure S4). The powder XRD (PXRD)
patterns of hMOF-1 and hMOF-2 were consistent with the
simulated patterns of the corresponding crystal samples
(Figure S5). Moreover, the hMOFs demonstrated the
characteristic infrared absorption peaks of phosphonate and
cyano appeared at around 1000, 1200, and 2150 cm−1 (Figure
S6A). The thermogravimetric analysis showed that hMOF-1
was decomposed at 180 °C while hMOF-2 at 300 °C, which is
more unstable than hMOF-2 (Figure S6B). In a word, the two
different dimension Hofmann MOFs’ structures were success-
fully achieved by modulating the position of phosphonate
groups of rigid ligands.
Characterization of hMOF-1 Monolayer Nanosheets.

For both 4-PyP and 3-PyP ligands, the inherit layers of
Hofmann MOFs showed Fe···Fe = 7.6 ± 0.1 Å and Pt···Pt =
7.1 ± 0.1 Å in Fe[Pt(CN)4] layers (Figures 1B and S4B).
However, the adjacent layers of hMOF-1 and hMOF-2 were
12.6 and ∼9.0 Å (Figure 2), respectively, because the angle

between a pyridine and diethyl phosphate group in 4-PyP was
closer to 180° than that in 3-PyP, which hindered the binding
of the phosphonate oxygen atom with Fe2+ ions. Thus, the
interactions among layers in hMOF-1 were weaker, and the
layers could be separated easily. After ultrasonic treatment, the
bulk hMOF-1 was simply exfoliated with the Tyndall effect
through a conventional “top−down” method (Inset in Figure
3A). Transmission electron microscopy (TEM) showed the
stacked hMOF-1 nanosheets with low contrast wrinkles and a
lateral size of 300 nm (Figure 3A). In high-resolution TEM
(HRTEM) image, hMOF-1 nanosheets showed a lattice
pattern with an interplanar distance of 0.37 ± 0.01 nm (Figure
3C), which is consistent with the data (0.376 nm) for [200]
plane of hMOF-1 in the PXRD pattern (Figure 3B). This

result was also supported by the diffraction pattern of [200] in
selected-area electron diffraction (Inset of Figure 3C).
Meanwhile, the diffraction peaks to [008] could be contributed
to the few-layer nanosheets. Furthermore, the bright field
image of scanning TEM (STEM) and the energy-dispersive X-
ray elemental mapping data exhibited a homogeneous
distribution of metal ions on the whole hMOF-1 nanosheets,
whereas secondary electron imaging showed an obvious
lamellar surface (Figures S7 and S8). Atomic force microscopy
(AFM) image demonstrated that the thickness of hMOF-1
nanosheets was 2.0 ± 0.2 nm (Figure 3D), which was also
supported by the theoretical single-layer data (2.0 nm) from
hMOF-1 single-crystal XRD patterns (Figure S9). The SEM
image of bulk hMOF-1 and the sediment of hMOF-1 after
sonication indicated the layer structure (Figure S10). In
addition, the PXRD showed good stability of bulk hMOF-1,
hMOF-1 nanosheets, and hMOF-2 (Figure S11). It is believed
that phosphonate groups could weaken the interatomic force
between two layers, so the layers could be separated easily
under ultrasonic, resulting in the open metal site of MOF for
axial coordination.

Quenching Mechanism of hMOF-1 Nanosheets. The
quenching ability of hMOF-1 nanosheets was investigated by
the 6-carboxyfluorescein labeled probe DNA (FAM-P) in
various solvents. In HEPES, the quenching efficiency (QE) of
hMOF-1 nanosheets for FAM-P (20 nM) was up to 91% in 10
min. However, the QEs were nearly down to 0% when the
quenching process took place in PBS or Tris−HCl (Figure
4A). X-ray photoelectron spectroscopy (XPS) was used to
recognize the interactions between Fe2+ sites of hMOF-1
nanosheets and fluorophores or solvents.60 After being
incubated with FAM-P, the Fe 2p3/2 and 2p1/2 peak positions
at 711.2 and 724.6 eV for hMOF-1 nanosheets in HEPES
shifted to 712.0 and 725.5 eV, respectively (Figure 4B),
suggesting that the Fe2+ sites of hMOF-1 tended to interact
with fluorophores. However, the interaction was blocked in
PBS and Tris−HCl because of the occupation of phosphate
and tris(hydroxymethyl)-aminomethane on the Fe2+ sites of
nanosheets, respectively (Figure S12). Because there was no

Figure 2. Distance between two adjacent layers and the angle
between pyridine and phosphate group in modulators of hMOF-1 (A)
and hMOF-2 (B).

Figure 3. (A) TEM image of hMOF-1 nanosheets. Inset: Tyndall
effect of the supernatant in water before (a) and after (b)
ultrasonication. (B) PXRD patterns of hMOF-1 nanosheets (red)
and bulk (black). (C) Lattice pattern in HRTEM image of hMOF-1
nanosheets. Inset: SAED image. (D) AFM height image of hMOF-1
nanosheets. Inset: Height profile along the white line.
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absorption at 400−800 nm in the UV−vis spectra (Figure
S13), the quenching mechanism of hMOF-1 nanosheets was
not realized via FRET but LMCT after the axial coordination
between the Fe2+ sites of hMOF-1 nanosheets and fluorophore
(Figure 4C).
Polyacrylamide gel electrophoresis (PAGE) of FAM-P,

complementary target DNA (T), and their hybridization
showed the individual electrophoresis distance (Figure 5A,

lane a−c). Because of the big size of nanosheets, the FAM-P
could not pass though the gel after strongly interacted with
nanosheets in HEPES (lane d), but the bands for FAM-P still
appeared in PBS and Tris−HCl (land e,f). On hybridization of
FAM-P and T, the band for FAM-P/T duplex could be
observed even in HEPES because of weak interaction between
nanosheets and duplex (land g). Fluorescence anisotropy was
utilized to analyze the affinity difference of hMOF-1 nano-
sheets toward FAM-P (Figure 5B). The anisotropies of FAM-P
in all solvents were about 0.02, whereas the anisotropy of
FAM-P in the presence of nanosheets was 0.32 in HEPES
rather than 0.02 in PBS and Tris−HCl. Therefore, both PAGE
and fluorescence anisotropy identified strong interactions

between the FAM-P and hMOF-1 nanosheets in HEPES and
weak interactions in PBS and Tris−HCl. As a comparison, 5-
carboxytetramethylrhodamine (TAMRA), which had a similar
main structure as FAM but different terminal tertiary amino
groups, was employed to label probe DNA (TAMRA-P). The
QE of hMOF-1 nanosheets for TAMRA-P was down to 30% in
HEPES (Figure 4A), which should be attributed to the weak
interactions between TAMRA and nanosheets (Figure 4B). In
addition, hMOF-2 had similar composition but inherited a 3D
structure that showed poor quenching ability (Figure 5C).
To prove the LMCT concept, the Lineweaver−Burk plot

was carried out with a strong correlation between the
concentration of hMOF-1 nanosheets and change of
fluorescence intensity while Stern−Volmer plots denoted a
weak correlation.61 These phenomena indicated that the
quenching process of hMOF-1 nanosheets followed static
quenching rather than dynamic quenching (Figure S14).
Moreover, FAM molecules could be quenched by hMOF-1 in
a short time (Figure S15). More significantly, after being
incubated with hMOF-1 nanosheets, the lifetime of FAM-P in
HEPES decreased from 4.29 to 2.75 ns (Figures S16 and S17),
which could be attributed to that the excited π* electron of
ligand transferred to d orbital of metal and then back to the
ground state.52,62 Therefore, LMCT fluorescence quenching
was realized for the first time on 2D materials through axial
coordination.
Furthermore, the LMCT process was identified in a mixture

of PBS and HEPES. Because the phosphate could quickly
replace water and thus hinder the contact of FAM-P and
TAMRA-P with the nanosheets, the QE reduced to around 0%
after 2 μM PBS was added (Figure 6A). The quenching

behaviors of hMOF-1’s individual components were also
investigated (Figure 6B). [Pt(CN)4]

2− and 4-PyP could only
quench no more than 30% fluorescence of FAM-P in all
solvents. Meanwhile, Fe2+ and a mixture of Fe2+ and 4-PyP
showed excellent quenching ability (over 90%) in HEPES but
poor quenching ability (about 30%) in PBS and Tris−HCl.
These results suggested that the Fe2+ played an important role
in the quenching procedure. Moreover, pyridine-derived
hMOF-1 nanosheets (hMOF-1-py) were used to study the

Figure 4. (A) QE of hMOF-1 nanosheets for 20 nM TAMRA-P or 20
nM FAM-P in HEPES, PBS and Tris−HCl. (B) Fe 2p XPS spectra of
hMOF-1 nanosheets in HEPES before (black) and after being
incubated with FAM-P (green) or TAMRA-P (red). (C) Axial
coordination platform of hMOF-1 nanosheets for selective
fluorescence quenching to FAM-P against TAMRA-P.

Figure 5. (A) PAGE image of 500 nM FAM-P (lane a), 500 nM T
(lane b), mixture of 500 nM FAM-P and 500 nM T (lane c), 500 nM
FAM-P + 80 μg mL−1 hMOF-1 nanosheets in HEPES (lane d), PBS
(lane e), and Tris (lane f), and 500 nM FAM-P + 500 nM T + 80 μg
mL−1 hMOF-1 nanosheets in HEPES (lane g). (B) Fluorescence
anisotropy of FAM-P in the absence and presence of hMOF-1
nanosheets in HEPES, PBS, and Tris−HCl. (C) QE of hMOF-1
nanosheets within 10 min and hMOF-2 within 30 min (0−24 μg
mL−1) in response to FAM-P (20 nM) in HEPES.

Figure 6. (A) QE of hMOF-1 nanosheets for FAM-P (20 nM) and
TAMRA-P (20 nM) in 10 mM HEPES containing different
concentrations of PBS. (B) QE of 100 μM Fe2+, [Pt(CN)4]

2−, 4-
PyP, and mixture of Fe2+ and 4-PyP to 20 nM FAM-P in HEPES,
PBS, and Tris−HCl. (C) Competitive axial coordination of hMOF-1
nanosheets and (D) Fluorescence-quenching efficiencies to pyridine
concentrations against FAM-P.
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effect of coordinated modulators. Because the axial site of
hMOF-1 would be blocked by pyridine (Figure 6C), the
quenching ability of the nanosheets was gradually suppressed
with increasing concentrations of pyridine (Figure 6D). The
above experiments indicated that the quenching mechanism of
hMOF-1 nanosheets was dominated through LMCT between
fluorophores and the Fe2+ sites of nanosheets, which
demonstrated excellent quenching ability for FAM-DNA and
showed great potential in biosensing.
Biosensing Application of hMOF-1 Nanosheets. Upon

the hybridization of a single-strand DNA probe with target
DNA to form a duplex, the distance between the duplex and
2D nanomaterials increased and their interactions became
weak. The fluorescence correspondingly increased with more
duplex formation, which could provide quantitative detection
of the target analyte (Figure 7A). The fluorescence intensity of

double-strand DNA was about 9 times higher than that of
FAM-P in the presence of hMOF-1 nanosheets (Figure 7B).
On the basis of the excellent quenching capacity of hMOF-1
nanosheets (Figure 7C), the quantitative detection of T was
achieved with a linear range from 1 to 40 nM (R2 = 0.998) and
the limit of detection of 0.3 nM (3σ). More importantly,
hMOF-1 nanosheets displayed a good selectivity toward single-
base mismatched DNA (Figure S18), providing promising
applications in biosensing.

■ CONCLUSION
A Hofmann-type MOF material was precisely synthesized with
2D and 3D structures by modulating the position of
phosphonate groups of rigid ligands. Because the direct
binding between oxygen atom of phosphonate and Fe2+ ions
was blocked by the diethyl group in 4-PyP, adjacent layers in
hMOF-1 were linked via hydrogen bonds, which could make
the hMOF-1 exfoliate easily to monolayers by classical “top−
down” method. More significantly, hMOF-1 nanosheets as an
axial coordination platform exhibited excellent quenching
ability to fluorophores via a LMCT process that differed
from the well-known FRET mechanism, leading to promising
biosensing applications. This is the first report of using
Hofmann MOF nanosheets as an axial coordination platform
for signal switching. These results not only provide a novel

quenching mechanism but also open a new window toward
further applications of 2D MOF materials in biosensing in vitro
and in vivo.
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