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Abstract

Ultrathin (<10 nm) nanosheets of a metal-organic framework (MOF-NSs) were prepared in high-yield and scalable production by
a surfactant-assisted one-step method. The MOF-NSs possess distinguished affinity for ssDNA but not for dsDNA. This causes
the fluorescence of the labeled DNA to be quenched. On binding to the target DNA (shown here for Salmonella enterica, Listeria
monocytogenes and Vibrio parahemolyticus), the labeled duplex is released and the fluorescence of the label is restored. The
labels Texas Red, Cy3 and FAM were used and give red, red or green fluorescence depending on the kind of pathogen. The
detection limits are 28 pM, 35 pM and 15 pM for the gene segments of Salmonella enterica, Listeria monocytogenes and Vibrio
parahemolyticus, respectively.
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Introduction

The sensitive, specific, rapid, and cost-effective detection of
nucleic acids has found widespread applications in clinical dis-
ease diagnostics, gene analysis, industrial and environment
monitoring, and food safety detection [1-3]. Great efforts have
been contributed to develop numerous electrochemical and
optical approaches for the detection of nucleic acids [4]. The
introduction of simple synthesis strategies for fluorescently
labeled nucleic acids has significantly promoted the research
and application of nucleic acid probes. In the past decade, the
homogenous fluorescence assays based on Forster resonance
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energy transfer (FRET) or fluorescence quenching mechanism
between fluorescent probes and nanomaterials have been widely
developed [5, 6]. So far, many two-dimensional (2D)
nanomaterials, such as graphene [7, 8], nanographite [9], transi-
tion metal dichalcogenides (TMDs) [10], metal oxides [11],
boron nitride (BN) [12], and carbon nitride (CN) [13], have been
successfully synthesized. Because of their effective adsorption
and excellent quenching efficiency towards dye-labeled ssDNA,
these 2D nanomaterials are used to fabricate fluorescent biosen-
sors. For instance, Lu et al. reported a dye-labeled ssDNA probe
that is absorbed on graphene oxide surface. This leads to the
quenching of the fluorescence of the probe [14]. When the probe
bound to the target, the fluorescence was retained via releasing
the probe from GO surface. Zhu et al. reported that molybde-
num disulfide nanosheets were used for fabricating fluorescent
nanosensors for detecting DNA and adenosine showing excel-
lent sensitivity and short assay time [15]. The success fabrication
of these fluorescent sensors with high sensing performance de-
pends on the ratio of signal-to-noise. Ideally, the nanomaterials
have high adsorption and quenching ability towards to dye-
labeled ssDNA and a large enhance in the fluorescence signal
towards to dsDNA. Therefore, it is of great importance to further
explore novel materials with convenient structural design and
tunability to possess excellent adsorption and quenching ability
towards to dye-labeled ssDNA.
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Metal organic frameworks (MOFs) are periodic porous
crystalline formed by organic ligands coordinated with metal
atom nodes. MOFs have advantages of well-defined
chemical structure, convenient structural design and tun-
ability, and readily accessible active sites [16, 17]. Due
to the aboved features, MOFs have been intensively
used in sensing applications including fluorescent [18,
19], electrochemical [20, 21], electrochemiluinescent
[22, 23], and colorimetric sensors [24]. For example, a
MOF, N,N'’-bis(2-hydroxyethyl)dithiooxamidato copper(Il)
[Cu(H,dtoa)], was demonstrated that it can absorb ssDNA
probe and quench fluorescence of FAM-labeled ssDNA probe
via photoinduced electron transfer (PET) [25]. The MOF was
used to develop a sensitive fluorescent biosensor for detecting
target DNA with a linear range of 10-100 nM. However, the
traditional MOFs are bulk crystalline. The bulk MOFs still
suffer from poor dispersion in solution and low accessible
active sites, which hinder their applications in biosensors.

As anew family member of 2D nanomaterials, MOF nano-
sheets are an effective material for fabricating the fluorescence
platform. Because MOF nanosheets possess some excellent
features including high surface area and numerous accessible
active sites on sheet surface, which exhibit an effective fluo-
rescence quench property and reduce the noise of the sensor to
improve sensitivity. The strong adsorption property of MOF
nanosheets also reduces the response time. MOF nanosheets
were successfully prepared using two strategies, i.e., bottom-
up and top-down methods. The MOF nanosheets can be ex-
foliated from bulk layered MOFs using top-down methods
because of the weak interlayer interaction [26—28].
However, this method is difficult to prepare MOF nanosheets
with uniformity and high yield, which is limit for the various
applications. A surfactant-assisted synthetic method as one
kind of bottom-up method, has been reported for the prepara-
tion of uniform and high-yield MOF nanosheets [29-31].
Such a method may open the door for exploring 2D MOF
nanomaterials in various application fields [30]. Herein, we
developed a MOF nanosheet-based fluorescence biosensor for
rapid, sensitive, and multiplex detection of pathogenic genes,
including invA gene of Salmonella enterica (S. enterica),
prfA gene of Listeria monocytogenes (L. monocytogenes),
and toxR gene of Vibrio parahemolyticus
(V. parahemolyticus). A surfactant-assisted method was used
to prepare the MOF nanosheets (named as Cu-TCPP) that
constructed by copper ion (as metal node) and tetrakis(4-
carboxyphenyl)porphyrin (TCPP, as organic ligand). Results
demonstrate that the MOF nanosheets can effectively quench
the fluorescence of organic dyes, including Texas red (excita-
tion/emission at 589 nm/616 nm), Cy3 (excitation/emission at
540 nm/562 nm), and FAM (excitation/emission at 490 nm/
520 nm). Furthermore, a fluorescent biosensor using Cu-
TCPP nanosheets was fabricated for multiplex pathogenic
genes detection with high sensitivity and short detection time.
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Experimental
Chemicals

Copper nitrate trihydrate (Cu(NOs),'3H,0), polyvinylpyr-
rolidone (PVP, average wt 40, 000), and ethanol were
purchased from Sigma-Aldrich (St. Louis, MO, https:/
www.sigmaaldrich.com/china-mainland.html). Tetrakis(4-
carboxyphenyl)porphyrin (TCPP, 97%) was obtained from
Tokyo Chemical Industry (Shanghai, China, https://www.
tcichemicals.com/zh/cn/index.html). N,N-
Dimethylformamide (DMF, 99.8%) and trifluoroacetic
acid (CF;COOH, 99%) were purchased from Alfa Aesar
(Heysham, United Kingdom, https://www.alfa.com/zh-cn/).
The DNA sequences were synthesized from Sangon
Biotech. Co., Ltd. (Shanghai, China, https://www.sangon.
com/). The sequences of all DNA are summarized in
Table SI.

Preparation of the copper(ll)
tetrakis(4-carboxyphenyl)porphyrin (Cu-TCPP)
nanosheets

Cu(NOs3),-3H,0 (3.6 mg, 0.015 mmol), trifluoroacetic acid
(1.0 M, 10 pL), and PVP (10.0 mg) were added in 12 mL of
the mixed liquor (Vpar: Vethanot = 3:1) to obtain mother liquid
A. TCPP (4.0 mg, 0.005 mmol) was added in 4 mL of the mixed
liquor B (VpaE: Vethanot = 3:1) to prepare mother liquid B. After
that, the mother liquid A was added dropwise into the mother
liquid B under stirring and sonicated for 10 min. The mixture
was heated at 80 °C for 3 h. The resulting products were cen-
trifuged at 8000 r.p.m. for 10 min and re-dispersed in ethanol for
characterization.

Characterizations

Prior to the transmission electron microscopy (TEM), scan-
ning electron microscopy (SEM), and atomic force microsco-
py (AFM) characterization, the Cu-TCPP nanosheets were
dropped onto Si/SiO,, holey carbon-coated carbon support
copper grids, and piranha-cleaned Si/SiO,, respectively.
TEM was operated at an acceleration voltage of 200 kV
(JEOL-JEM-1200EX). SEM image was obtained via a field
emission scanning electron microscope (SEM, Hitachi-
SU8010). AFM (Dimension Icon, Bruker) was used to char-
acterize the MOF nanosheets in tapping mode in air.
Fluorescence spectra were recorded with a BioTek ELIASA
(Synergy Neo2).

DNA detection

Firstly, 10 pL of probe (0.4 uM of P1, or 0.24 uM of P2, or
0.1 uM of P3) was hybridized with 10 uL of target DNA (T,
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(0.13 uM), 10 pL of P2 (0.08 uM), and 10 puL of P3
(0.03 uM) were mixed in a solution. All the following condi-
tions were similar with those in the single target detection.

Results and discussion

The sensing principle for multiplex determination of DNAs is
shown in Fig. 1. Three DNA probes (P1, P2, and P3) targeting
three types of pathogen genes (segments of S. enterica,
L. monocytogenes, and V. parahemolyticus genes) were
employed, which were labeled with dyes (Texas red, Cy3,
and FAM), respectively. The three dyes were individually ex-
cited at 589 nm (Texas red), 540 nm (Cy3), and 490 nm
(FAM), emitting at 616 nm, 562 nm, and 520 nm, respectively,
which avoided dye-to-dye energy transfer. These three dye-
labeled ssDNA probes (P1, P2, and P3) can easily adsorb on
the large surface of MOF nanosheets due to 7t-electron system
of TCPP ligand, resulting in fluorescence quenching of these
dye-labeled ssDNA by FRET. When the specific target is
added into the three probe mixtures (P1, P2, and P3), the probe
hybridizes with its complementary target DNA to form
dsDNA. The formed dsDNA detaches from MOF nanosheets
due to the weak physical adsorption between the 2D MOF and
dsDNA. Based on this principle, the 2D MOF-based sensor is
expected to be used for the multiplex detection of DNAs.

The ultrathin Cu-TCPP MOF was prepared by a surfactant-
assisted method. The polyvinylpyrrolidone (PVP) as one kind
of surfactant molecules is critical to control growth of MOF
crystals via selectively attached on the surface of MOFs.
Eventually Cu-TCPP nanosheets are synthesized due to the
anisotropic growth of MOFs. In the Cu-TCPP MOF nano-
sheets, the TCPP ligands are metallated by Cu®* ions. The
2D layered sheet is formed by one TCPP ligand coordinated
with four Cu paddlewheel metal nodes (Cu,(COO),). In the
interlayer structure, the Cu atoms in the Cu,(COQO), are
aligned with the Cu atoms in the centers of TCPP, following
an AB packing pattern. The SEM, TEM, and AFM were ap-
plied for the characterization of ultrathin Cu-TCPP MOF
nanosheets (Fig. 2). As shown in Fig. 2a (SEM image) and
Fig. 2b (TEM image), the Cu-TCPP MOF appears the sheet-
like structure with the size in the range of hundreds of nano-
meters to several micrometers. Furthermore, a typical Cu-
TCPP nanosheet with size of ~1 um is observed in Fig. 2c.
A typical Tyndall effect can be seen after a green laser goes
through the MOF suspension (inset in Fig. 2¢), which indi-
cates the colloidal structure of the synthesized MOF nano-
sheets. As shown in the AFM image (Fig. 2d), the thickness
of the Cu-TCPP nanosheets is less than 10 nm.

The fluorescence quenching ability to dye-labeled ssDNA
and affinity difference towards ssDNA and dsDNA of Cu-
TCPP nanosheets was first investigated. As shown in
Fig. 3a, Texas red dye-labeled P1 shows a large fluorescence
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emission at 616 nm wavelength when the tested solution con-
tains no Cu-TCPP nanosheets. After incubation with Cu-
TCPP, the fluorescence of P1 obviously decreased (black
curve in Fig. 3a). To get the optimal concentration of the
added Cu-TCPP nanosheet, different concentrations of Cu-
TCPP were incubated with P1 or P1/T1. The fluorescence
peaks of P1 and P1/T1 decrease with the increasing of Cu-
TCPP concentrations (Fig. Sla). The fluorescence intensity
ratio (Fpy11/Fp;) increases as the increasing of Cu-TCPP con-
centration, and reaches the largest value at 43 pg mL ™' (Fig.
S1b). At the optimal concentration of Cu-TCPP nanosheets
(43 ug mL™"), the quenching efficiency (QE) of MOF nano-
sheets on the fluorescence of Texas red is 97%. Furthermore,
after incubation of 20 min, the fluorescence intensity reaches
steady value (Fig. 3b). The result indicates that the strong
adsorption between ssDNA and Cu-TCPP nanosheets, and
the effective fluorescence quenching efficiency of MOF nano-
sheets. When the P1 solution was added with target DNA (T1)
in aratio of 1:1 (P1:T1), P1 interacted with T1 to form P1/T1
dsDNA, and consequently the fluorescence intensity of P1/T1
retained in presence of Cu-TCPP nanosheets (red curve in
Fig. 3a and b). Such a phenomenon indicates the weaker af-
finity of Cu-TCPP nanosheets to dsDNA than ssDNA. The
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Fig. 3 a Fluorescence spectra of P1 under different conditions: P1 (blue
curve), P1/T1 + Cu-TCPP nanosheets (red curve), P1 + Cu-TCPP
nanosheets (black curve). b The fluorescence quenching curves for P1
(black curve) and P1/T1 (red curve) in the presence of Cu-TCPP nano-
sheets (43 pg mL ™). The concentration of P1 and T1 was 20 nM and
20 nM, respectively. The excitation and emission wavelengths are 589
and 616 nm, respectively
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Fig. 4 a Fluorescence spectra of P1 (20 nM) in the presence of different
concentrations of T1 (0, 0.5, 1, 2, 4, 6, 8, 10, 15, 30, 50, 75 nM) with
addition of Cu-TCPP nanosheets (43 ng mL™!). b Calibration plot of
DNA detection. Inset: The linear plot of fluorescence peak intensity of
P1 vs the concentration of T1 with addition of Cu-TCPP nanosheets
(43 pg mL ™). The excitation and emission wavelengths are 589 and
616 nm, respectively

reason can be ascribed to the shield of phosphate backbones
on the nucleotide bases in the dsDNA and the rigid duplex
structure of dsDNA weakens the 7t-interaction between Cu-
TCPP nanosheets and dsDNA. The different affinities of Cu-
TCPP nanosheets toward dsDNA and ssDNA suggest the fea-
sibility of Cu-TCPP nanosheets application in the homoge-
neous detection of DNA.

To further investigate the quenching mechanism between
Cu-TCPP nanosheets and Texas red dye-labeled ssDNA, the
fluorescence intensity of Texas red-labeled ssDNA at 616 nm

was measured after incubation with different concentrations of
Cu-TCPP. In common, there are two kinds of fluorescence
quenching modes including dynamic quenching and static
quenching. The dynamic quenching follows Stern-Volmer
(SV) equation, while the static quenching can be described
by Lineweaver-Burk (LB) equation [32, 33]. With increasing
the concentrations of Cu-TCPP nanosheets, the change of fluo-
rescence intensity of P1 exhibits a good linear correlation (R =
0.967) according to the LB equation (Fig. S2a), while can not
follow SV equation (Fig. S2b). Besides, after the addition of
MOFs nanosheets, the adsorption peak of Texas red-labeled
ssDNA displays an obviously blue shift for 8 nm (Fig. S2c).
All the results indicate that the fluorescence quenching of Cu-
TCPP towards Texas red-labeled ssDNA follow a static
quenching process [32, 33] and the quenching constant of
Cu-TCPP is 16.87 ug mL ™" by calculation with LB equation.

Based on the aforementioned results, the Cu-TCPP nano-
sheets serve as an advanced nanoquencher of fluorescent bio-
sensor for quantitatively determination of pathogenic DNA.
T1 with different concentrations from 0 to 75 nM were hy-
bridized with P1 (20 nM) for 1 h and then incubated with
MOF nanosheets to determine the sensitivity of MOF
nanosheet-based biosensing platform. The fluorescence inten-
sity increases with the concentration of T1 increases (Fig. 4a).
According to the calibration plot (Fig. 4b), this florescent bio-
sensor shows a linear range from 0.5 to 15 nM, with a detec-
tion limit (LOD) of 28 pM (LOD =30/S, o is the standard
deviation of the background signal and S represents the slope
of'the calibration plot). For Cy3-labeled probe (P2) and FAM-
labeled probe (P3), linear relationship in the range of 0.1—
12 nM and 0.1-9 nM are obtained, detection limits of 35
pM and 15 pM are achieved, respectively (Fig. S3 and S4).
Compared with other nanomaterial-based optical methods for
detecting pathogenic DNAs (Table S2), the MOF nanosheet-
based fluorescent sensor has a lower detection limit and com-
parable assay time, demonstrating the excellent performance
for detecting trace pathogenic DNAs.

To evaluate the specificity of Cu-TCPP nanosheet-based
biosensing platform, the complementary target (T1, T2, and

a C
4500 5000
3000+ mm Texas red _ mmCy3 — 4000 I FAM
3 3 :
s & 30004 < 3000
> 2000 2 z
- 2 g 2000
] £ 1500 2
£ 1000 £ = 1000
2 — 3
fra L w
0
0- L 04 - -_
T1 SM1 R1 T2 SM2 R2 T3 SM3 R3

Fig. 5 Selectivity of (a) P1, (b) P2, and (¢) P3 by using the
complementary target DNA (T1, T2, and T3), single-base mismatch
DNA (SM1, SM2, and SM3), and random DNA (R1, R2, and R3). The
concentration of P1, T1, SM1, and R1 was all 20 nM. The concentration

of P2, T2, SM2, and R2 was all 12 nM. The concentration of P3, T3,
SM3, and R3 was all 5 nM. The excitation/emission wavelengths for P1,
P2, and P3 are 589/616 nm, 540/562 nm, and 490/520 nm, respectively
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T3), single-base mismatch DNA (SM1, SM2, SM3 for P1, P2, biosensing devices for the development of rapid and robust
P3, respectively), and random DNA (R1, R2, R3 for P1, P2, multiplex detection method of biological molecules.
P3, respectively) were investigated. As shown in Fig. 5, the
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DNA. The fluorescence of random DNA shows negligible
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fluorescence response. This demonstrates the MOF
nanosheet-based fluorescent nanosensor exhibits satisfactory  Compliance with ethical standardsThe author declare that
specificity, which offers great opportunity for multiplex detec-  they have no competing interests.
tion of pathogenic DNAs.
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