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Abstract We report herein five sensing platforms for the detection of five gastric cancer associated
microRNAs (miRNAs). The sensing platforms are hybrids formed from a water-stable MOF
{[Cu(dcbb),(H20),]-10H,0}, (1, H.dcbbBr = 1-(3,5-dicarboxybenzyl)-4,4’-bipyridinium bromide),
respectively with five carboxyfluorescein (FAM) labeled probe single-stranded DNA (probe ss-DNA,
denoted as P-DNA).Within the hybrid, MOF 1 tightly interacts with the P-DNA through electrostatic and/or
n-stacking interactions and results in fluorescence quenching of FAM via a photo-induced electron transfer

(PET) process. In the presence of the complementary target miRNAs miR-185, miR-20a, miR-92b, miR-25



and miR-210, which are expressed abnormally in the plasma of gastric carcinoma patients, P-DNA is
released from the surface of MOF 1 ascribed to the stronger base pair matching, leading to the FAM
fluorescence recovery. Each P-DNA@1 system is effective and reliable for the detection of its
complementary target miRNA with the detection limits from 91 to 559 pM, and is not interfered by other

four miRNA sequences.
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1. Introduction

Gastric cancer (GC) is one of the most common malignancies and the third leading cause of
cancer-related death globally [1]. The high mortality rate of GC is mainly due to the difficulty of early
detection, and its diagnosis could only be done at the middle or late stage. At these stages, distant metastases
and lymph node metastases are common [2]. Therefore, it is of urgent need to explore early diagnostic
methods for GC to improve the survival rate of patients.

MicroRNA (miRNA) is considered as an important biomarker since abnormal expression of specific
miRNA is associated with many diseases including cancer [3]. Therefore, it is important to develop
biosensors to quantitatively detect miRNA expression levels in the early stage of disease. Recently, Min and
coworkers have identified a five up-regulated miRNA signature (miR-185, miR-20a, miR-92b, miR-25 and
miR-210) in the plasma of GC patients that could serve as a non-invasive biomarker for the detection of GC
[4]. Polymerase chain reaction (PCR), as an efficient DNA amplification in vitro, has been widely applied to
detect miIRNA. However, its assay processes are time-consuming, as this method includes a separate cDNA
synthesis step prior to PCR, agarose gel analysis of PCR products, and in some instances, a second round of
nested amplification or southern hybridization. The PCR amplification step increases the cost of the assay

and the complexity of the detection. Moreover, post-PCR processing or nested PCR steps usually increase
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the risk of false positive results due to carryover contamination [5]. As a consequence, it is extremely
important to develop rapid and sensitive PCR-free sensing platforms with easily obtained materials to detect
mMiRNA.

Metal-organic frameworks (MOFs) have aroused wide concern in the past decade [6-8]. The structures
of these crystalline materials are composed of metal ions joined by a variety of multidentate organic ligands
of broad levels of flexibility through strong covalent bonds. Correspondingly, MOFs have a wide range of
applications in many fields, such as gas storage and separation [9-11], heterogeneous catalysis [12-14],
sensing cations, anions and small molecules [15-18], drug delivery [19]. Employing MOFs as quenching
platforms for the detection of disease-associated nucleic acids have been reported only very recently [20-25].
We have also found that MOFs based on zwitterionic quaternized-carboxylate ligands with two-dimensional
(2D) or three-dimensional (3D) structures can be used as selective sensing platforms for the detection of
ebolavirus RNA or HIV ds-DNA sequences in vitro [26-29]. This unique class of MOFs with cationic metal
centers and conjugated polycarboxylate ligands can form =-stacking and/or electrostatic interactions with
negatively charged probe DNA (P-DNA) sequences, thus result in a sensing platform for the detection of
target disease-related RNA/DNA sequences [26-32]. Such sensing platform for nucleic acid detection offers
advantage of high loading capacity of MOF for the P-DNA and resistance against P-DNA degradation [33].

In order to further investigate the structure of MOFs on the sensing efficiency, herein we reported a
one dimensional (1D) double-stranded MOF {[Cu(dcbb);(H.0).]-10H,0}, (1, HdcbbBr =
1-(3,5-dicarboxybenzyl)-4,4’-bipyridinium bromide) bearing aromatic rings, positively charged pyridinium
and uncoordinated carboxylates on its surface (Scheme 1), which can effectively associate with five
respective P-DNA to give P-DNA@1 hybrids. These hybrids can subsequently be used to distinguish their
respective complementary miRNA which is expressed abnormally in the plasma of gastric carcinoma

patients at picomolar level.
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Scheme 1. The one-dimensional double-stranded structure of {[Cu(dcbb),(H,0),]-10H,0}, (1)

2 Experiment

2.1 General

MOF 1 was synthesized according to our reported procedures [26]. All the other reagents and solvents

were obtained from commercial sources and used without further purification. All the DNA and RNA

sequences were purchased from Sangon Inc. (Shanghai, China). The sequences are shown below.

Probe DNA-1 (P-DNA-1): 5>-TCAGGAACTGCCTTTCTCTCCA-FAM-3’

Complementary target RNA for P-DNA-1 (miR-185, T;): 5’-UGGAGAGAAAGGCAGUUCCUGA-3’
Probe DNA-2 (P-DNA-2): 5-CTACCTGCACTATAAGCACTTTA-FAM-3'

Complementary target RNA for P-DNA-2 (miR-20a, T,): 5-UAAAGUGCUUAUAGUGCAGGUAG-3’
Probe DNA-3 (P-DNA-3): 5-GGAGGCCGGGACGAGTGCAATA-FAM-3'

Complementary target RNA for P-DNA-3 (miR-92b, T3): 5-UAUUGCACUCGUCCCGGCCUCC-3’
Probe DNA-4 (P-DNA-4): 5-TCAGACCGAGACAAGTGCAATG-FAM-3'

Complementary target RNA for P-DNA-4 (miR-25, T,): 5-CAUUGCACUUGUCUCGGUCUGA-3’
Probe DNA-5 (P-DNA-5): 5-TCAGCCGCTGTCACACGCACAG-FAM-3'

Complementary target RNA for P-DNA-5 (miR-210, Ts): 5-CUGUGCGUGUGACAGCGGCUGA-3’

All the DNA and RNA samples were prepared in 100 uM Tris-HCI buffer solution (pH 7.4, 100 mM
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NaCl, 5 mM MgCl,) and stored at 4 °C for DNA or -80 °C for RNA.

2.2 Detection of miRNA

The fluorescence miRNAs sensing was performed at room temperature in 100 uM Tris-HCI (pH 7.4,
100 mM NacCl, 5 mM MgCl,). Both of the excitation and emission slit widths are 10.0 nm. The fluorescence
intensity at 518 nm with excitation at 480 nm was used for quantitative analysis. All the instruments were
sterilized in the autoclavable container. The fluorescence quenching efficiency (Qg) and recovery efficiency
(Re) were tested and calculated according to our reported procedures [26-29].

The binding constant of each P-DNA or P-DNA/RNA hybrid duplex with MOF 1 is calculated via the

following double logarithm Eq. (1),
FO - F

log = nlog[1] + logK;, (1)
wherein Fo and F are the fluorescence intensities at 518 nm in the absence and presence of MOF 1, K, is the

binding constant and n is the number of binding sites.

Each experiment was carried out three times, and the mean values were taken.

3 Results and discussion

In terms of the structure of MOF 1, it shows a 1D structure with cationic Cu(ll) center, the conjugated
dicarboxylate ligand of dcbb (dcbb = 1-(3,5-dicarboxybenzyl)-4,4’-bipyridinium) bearing positively charged
pyridinium and uncoordinated carboxylates and the 1D structure of 1 allows a maximum exposure of these
functionalities to P-DNAs. These features are advantageous in forming n-stacking, electrostatic interactions
and/or hydrogen bonding with negatively charged P-DNA sequences. The P-DNA@1 hybrid systems can
therefore effectively formed for the detection of the complementary target disease-related RNA/DNA
sequences [20-25]. To test this hypothesis, we select five types of FAM-labeled ss-DNAs as P-DNAs (FAM

= carboxyfluorescein), which are the complementary sequences for miRNAs (miR-185, miR-20a, miR-92b,
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miR-25 and miR-210) that are expressed abnormally in the plasma of gastric carcinoma patients [4]. As
shown in Fig. 1, the fluorescence intensity of the each P-DNA decreases upon addition of MOF 1 with the
quenching efficiency (Qg) being (87£5)% for P-DNA-1, (94+£3)% for P-DNA-2, (77£8)% for P-DNA-3,
(95%2)% for P-DNA-4 and (96+4)% for P-DNA-5 with saturation concentrations of MOF 1 being 52 uM, 85
uM, 65 uM, 60 uM, and 35 uM, respectively. As listed in Table 1, the slightly lower quenching efficiency
for P-DNA-3 is likely due to its lower binding ability and less binding sites (Ky = 5.8x10°M™, n = 0.98)
than those of P-DNA-1 (Kp = 8.8x10° M, n = 1.6), P-DNA-2 (K, = 1.2x10* M}, n = 1.5), P-DNA-4 (K}, =
3.5x10* MY, n = 1.5) and P-DNA-5 (K, = 5.3x10* M, n = 1.3) toward MOF 1. MOF 1 quenches the
fluorescence of P-DNAs fluorescence through =-stacking, electrostatic interactions and/or hydrogen bonding
indicating a static quenching procedure [30-32], therefore, their binding constants are calculated via the

double logarithm Eq. (3) [34-35].
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Fig. 1 Fluorescence intensity quenching of the P-DNAs incubated with MOF 1 of varying concentrations in 100 uM

Tris-HCI buffer solution (pH 7.4, 100 mM NaCl, 5 mM MgCl,) at room temperature (Aex = 480, Aem = 518).

In principle, introduction of the relevant complementary target miRNA to the corresponding P-DNA@1
system would lead to the formation of stable and rigid P-DNA@RNA hybrid duplex. The formation of
P-DNA@RNA hybrid duplex compels the P-DNA away from the surface of 1, thereby blocking the PET
process and leading to the fluorescence recovery [30-32]. Following this assumption, we evaluated

P-DNAs@1 systems as sensing platforms for the target miRNAs by the fluorescence recovery upon addition
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of complementary target miRNA T; to Ts. As shown in Fig. S1, with the lowest concentration of 25 nM, the
fluorescence intensity increased with incubation time and exhibited no further increase after 13+3 min for T,
14+2 min for T, 1522 min for T3, 19£1 min for T4 and 38+3 min for Ts, showing that the system reached
equilibrium between P-DNA@1 and the P-DNA@target miRNA. Thus, 13 min, 14 min, 15 min, 19 min and
38 min were chosen as the incubation time for the detection of five types of target miRNAsS, respectively.
The longer fluorescence recovery time for P-DNA-5@1 is likely due to the stronger binding ability between
1 and P-DNA-5 (K;, = 5.3x10* M™%, Table 1). As shown in Fig. 2, with more target miRNAs added, more
P-DNAs are released and caused a gradual increase in the fluorescence intensity. In addition, saturation in
the fluorescence recovery was observed at the concentration of 80 nM for T, and Ts, 100 nM for T, and Tj,
70 nM for T4 as shown in Fig. S2. Under this condition, the fluorescence intensity shows good linear
relationship with the concentration of the target miRNAs (Insets of Fig. S2), giving the detection limits of

17245 pM for T4, 32148 pM for T,, 91+7 pM for T3, 55948 pM for T4, and 132+12 pM for Ts.
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Fig. 2 The fluorescence intensity of P-DNAs@1 at 518 nm versus the concentrations of T, to Ts.

The specificity and cross-reactivity of P-DNA@1 systems are further studied. Five P-DNA@1 sensing
systems were prepared accordingly. Then a solution contains complementary target miRNA only, or
complementary target miRNA mixed with the other four non-complementary miRNA, or four
non-complementary miRNAs, was added respectively to each of the above prepared sensing system. The

results are shown in Fig.3, as expected, solution containing complementary target miRNA only, or a



admixture of complementary target miRNA and four non-complementary miRNAs results in significant
fluorescence enhancement with the recovery efficiency (Rg) reaching 2.4+0.12 and 2.0+0.09 for
P-DNA-1@1, 3.3+0.15 and 2.8+0.13 for P-DNA-2@1, 1.5+0.12 and 0.8£0.11 for P-DNA-3@1, 1.8+0.13
and 1.0+0.09 for P-DNA-4@1, 1.2+0.08 and 0.8+0.05 for P-DNA-5@1. Under similar conditions for a
solution containing four non-complementary miRNAs, the Rg values are only 0.08 for P-DNA-1@1 and
P-DNA-2@1, 0.06 for P-DNA-3@1 and P-DNA-4@1, 0.02 for P-DNA-5@1, respectively. These results
convincingly suggest that each P-DNA@1 system functions as a highly selective sensing platform for the

detection of complementary target miRNA with negligible cross-reactivity with non-complementary
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Fig. 3 (a) The sequence specificity and cross-reactivity of the proposed miRNA sensor of P-DNAs@1. (b) Fluorescence
anisotropy of P-DNA (50 nM), P-DNA@T (50 nM/50 nM) before and after the addition of MOF 1 (52 uM for P-DNA-1
and P-DNA-1@T,, 85 uM for P-DNA-2 and P-DNA-2@T,, 65 uM for P-DNA-3 and P-DNA-3@T3, 60 uM for P-DNA-4
and P-DNA-4@T,4, 35 uM for P-DNA-5 and P-DNA-5@Ts) with an incubation time of 13, 14, 15, 19 and 38 min,

respectively.

The above results may be rationalized from the unique structure of 1 with zeta potential of +4.2 mV
meaning being positively charged [36-39]. Thus, 1 can absorb P-DNAs through electrostatic, n-stacking
and/or hydrogen-bonding interactions to form P-DNAs@1 complexes [40-42], and thus quench the
fluorescence of the FAM moiety via a PET process [43-47]. Upon addition of the complementary target

miRNA and subsequent DNA@RNA duplex formation, MOF 1 lost the capacity of association due to the
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more rigid nature of the duplex as well as the significant loss of unpaired nucleobases [41]. Therefore, the
competitive hybridization of complementary RNA with the absorbed P-DNA would lead to the release of

the FAM-labeled P-DNA from 1, resulting in the restoration of fluorescence (Scheme 2).
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Scheme 1. Proposed mechanism for the detection of target miRNA sequences based on a fluorescent

biosensor formed from MOF 1 and fluorophore-labeled probe DNA.

The proposed mechanism was firstly supported by the changes of the fluorescence anisotropy (FA) of the
P-DNAs, and P-DNA@RNA duplex before and after the addition of MOF 1. It is known that fluorescence
anisotropy can be a measure of the rotational motion-related factors of fluorophore-labeled DNA [48-50],
and is herein invoked as a means to judge whether a P-DNA is attached to the surface of MOF 1. As shown
in Fig. 3b, addition of 1 into the solution of P-DNAs leads to an increase in FA by factors of 0.10 for both
P-DNA-1 and P-DNA-2, 0.08 for P-DNA-3, 0.11 for both P-DNA-4 and P-DNA-5, whereas 0.06 for
P-DNA-1@T;, P-DNA-2@T,, 0.05 for P-DNA-3@T3;, P-DNA-4@T, and P-DNA-5@Ts. These results

reveal a stronger interaction of 1 with the P-DNAs than with hybrid DNA@RNA duplexes.

Secondly, the stronger interactions of P-DNAs with 1 than those of DNA@RNA duplexes with 1 also
corroborated by the binding constants listed in Table 1. With approximately similar binding sites for each
couple of P-DNA and P-DNA@T with MOF 1, the binding ability for MOF 1 with P-DNA-1 is 3.5 times of
P-DNA-1@T1, P-DNA-2 is 2.0 times of P-DNA-2@T,, P-DNA-3 is 3.4 times of P-DNA-3@T3, P-DNA-4

is 8.9 times of P-DNA-4@T,, P-DNA-5 is 8.0 times of P-DNA-5@Ts.

Table 1 Binding parameters of P-DNAs and DNA@RNA hybrid duplexes with MOF 1.
9



Kp(X10* M™) n R

P-DNA-1 0.88 1.6 0.9991
P-DNA-1@T; 0.25 1.6 0.9960
P-DNA-2 1.19 1.5 0.9986
P-DNA-2@T, 0.57 1.3 0.9839
P-DNA-3 0.58 0.95 0.9865
P-DNA-3@Ts; 0.17 0.82 0.9959
P-DNA-4 3.5 1.5 0.9934
P-DNA-4@T,4 0.39 1.4 0.9959
P-DNA-5 5.3 1.3 0.9939
P-DNA-5@Ts 0.67 1.2 0.9789

Thirdly, agarose gel electrophoresis was carried out to further confirm that P-DNA exhibit stronger
affinity toward 1 than hybrid DNA@RNA duplex. As shown in Fig. 4, P-DNA-1 or T, displays one light
band with strong fluorescence. By contrast, no light band was observed when P-DNA-1 was incubated with
MOF 1, suggesting that P-DNA-1 can integrate with MOF 1 and the formed P-DNA-1@1 ensemble was too
large to pass through the gel [51-52]. Once Ty was introduced, the hybridization products of P-DNA-1
exhibited two light bands. The brighter one represents the hybrid duplex DNA@RNA which possesses
higher molecular weight and moved slower, while the darker one represents the remaining excessive
un-hybridized T; which possesses lower molecular weight and moved faster. However, two light bands were
visible if MOF 1 was employed after the hybridization of P-DNA-1 with T3, which attributed to that the
hybrid duplex DNA@RNA has weaker affinity toward MOF 1 and then penetrate into the gel with excessive
T band [53]. Similar observations were made for other four couples of P-DNA and P-DNA@T. These
experiments further certificated that MOF 1 can distinguish P-DNA from hybrid duplex DNA@RNA and

effectively verified the proposed mechanism.
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Fig. 4 Gel electrophoresis of P-DNA-1 (50 nM), P-DNA-1@T; (50 nM/80 nM), before and after the addition of MOF 1 (52

p1M) and T, (80 nM) as control.

4 Conclusions

In summary, we present in this paper a miRNA sensing array composed of fluorophore-labeled
P-DNAs that are hybridized with a 1D MOF as a fluorescence quencher. In the presence of target miRNA,
P-DNA is hybridized with target miRNA and released from the MOF, leading to the recovery of
fluorescence. The formed five P-DNA@1 sensing systems not only enable the quantitative and highly
specific detection of complementary target miRNAs, but also not interfered by the other miRNAs. Our
advantage comes from the use of inexpensive MOF, the alleviation of laborious preparation, as well as the
facile direct detection procedures which is critical for further in situ analysis of living cells. We anticipate
that this study will advance the understanding of miRNA functionality in a vast range of biological

processes and benefit early disease diagnostics and drug discovery to improve human health.
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Graphical Abstract

A metal-organic framework based PCR-free biosensor for the detection of

gastric cancer associated microRNAs

Gui-Hua Qiu, Wan-Zhen Lu, Pei-Pei Hu, Zhi-Hong Jiang, Li-Ping Bai, Tao-Rui Wang, Min-Min Li*, Jin-Xiang,

Chen*

Five sensing platforms were formed from MOF 1, respectively with five carboxyfluorescein labeled ss-DNA.
These sensing platforms can be used for the detection of five type miRNAs, which are expressed
abnormally in the plasma of gastric carcinoma patients. Each sensing system is effective and reliable for the
detection of its complementary target miRNA with the detection limits from 91 to 559 pM, and is not
interfered by the other four miRNA sequences.
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Research Highlights

PFive sensing platforms were formed from MOF 1, respectively with five probe DNA.

PThese sensing platforms can be used for the detection of five type miRNAs related to gastric carcinoma.
PEach sensing system is selectively for the detection of its complementary miRNA.

PThe detection limits are from 91 to 559 pM.
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