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Through the introduction of metal-organic framework 

MIL-101 as a low background signal and a fluorescence 

anisotropy amplification platform, a dual model DNA 

INHIBIT logic gate for Hg2+ and I– detection has been 

designed. 10 

Nowadays, DNA-based logic gates have attracted great interests 

because of the easy manipulation and multi-function of DNAs. 

They could be constructed based on the various behaviours of 

DNAs, including hybridization, cleavage and allosteric regulation 

etc.1 The basic types of Boolean logic gates include AND, OR, 15 

NOT, INHIBIT, NOR, NAND, XOR, and XNOR.2 Generally, in 

the field of analytical chemistry, the output signals of logic gates 

are colorimetry, fluorescence intensity or wavelength shift by the 

input of ions or small molecules.3 Fluorescence anisotropy (FA) 

is a spectroscopic technique that measures the rotational motion 20 

of a fluorescent molecule, which closely relates to the physical 

properties or local environments of the fluorophore. Therefore, 

FA is sensitive to the mass and size of the rotating body.4 As a 

high-throughput analysis assay, FA has been widely employed in 

the chiral molecular recognition4a or the study of biomolecular 25 

interactions.5 For relatively small changes of the molecular 

weight in the reaction, the difference of FA is small, which is 

hard to measure. In order to overcome the difficulty, and with the 

development of nanotechnology, more and more materials have 

been employed as signal amplification platforms to increase the 30 

molecular weight, therefore generating a strong FA signal, 

including graphene oxide,6 golden nanoparticle,7 molecularly 

imprinted polymers (MIPs),8 protein9 etc. Also, FA is broadly 

used in the recognition of ions.10 However, introducing FA as the 

output signal of logic gates for ions detection has not been 35 

reported yet. 

Some metal ions can bind with the nucleotide base 

specifically, such as cytosine-Ag+-cytosine (C-Ag+-C),11 and 

thymine-Hg2+-thymine (T-Hg2+-T).12 Up to now, a large number 

of DNA-based logic gates have been reported in the recognition 40 

of ions for its excellent selectivity, including ion-dependent 

DNAzymes,13 aptamers,2a and the methods coupled with 

graphene oxide14 as the quenchers etc. Metal-organic frameworks 

(MOFs) are a class of new porous nanomatierials, and have 

attracted tremendous attention in the field of analytical 45 

chemistry.15 For example, Yan et al. have employed MIL-53(Al) 

for highly selective and sensitive detection of Fe3+ in aqueous 

solution.16 According to our previous reports,17 MOF MIL-101 

(chromium-benzenedicarboxylates, Cr3F(H2O)2O[(O2C)-C6H4 

-(CO2)]3·nH2O) can be used as a low background platform for 50 

label-free DNA detection with the interacting-dye SYBR Green I 

(SG) as the fluorescence indicator. The results indicated that 

MIL-101 could distinguish the ssDNA and dsDNA effectively. 

Also, we have shown that MIL-101 was an efficiently FA 

amplification platform and successfully used in the detection of 55 

DNA.17b So here we have introduced MIL-101 as a fluorescence 

quenching platform and FA amplification platform 

simultaneously. By this approach, a dual model logic gate for the 

detection of mercury and iodide ions could be constructed, and it 

is the first time that introducing the FA as output signal of logic 60 

gate.  

 

Scheme 1 Schematic illustration for the detection of Hg
2+

 and I
–
. (A) Without 

MIL-101, high background signal, and the change of FA is small; (B) with 

MIL-101, the background signal is low, and the change of FA is large. 65 

In this contribution, based on MIL-101, we employed SG as 

the indicator, and two separate T-rich ssDNA (P1: 5′-TTC TTT 

CAT TTC TTT CTT CG-3′, P2: 5′-CG TTG TTT GTT ATG TTT 

GTT-3′) as probe oligonucleotides to design a dual model logic 

gate. In the absence of MIL-101, the signal-to-background ratio is 70 

relatively lower owing to the high background fluorescence of 

SG/P; the deviation for both the mass and the size of SG between 

the single-stranded and the double-stranded are restricted, so the 

value change of FA is too small to measure (scheme 1A). 

However, as shown in scheme 1B, the signal-to-background ratio 75 

and the value change of FA are both increased through the 

introduction of MIL-101. The flexible SG/P complex can be 

adsorbed on the surface of MIL-101 by means of π-π stacking 

and electrostatic interactions between nucleotide bases and 
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MIL-101,17a thus the fluorescence of SG/P can be quenched. As a 

consequence, the background signal is lower. Meanwhile, as 

SG/P is adsorbed on MIL-101, the mass and size of SG is 

enlarged, the rotation of SG is restricted, then resulting in the 

enhancement of the FA signal. When Hg2+ is present, Hg2+ can 5 

bind between the N3 of the thymine,12a the T-T mismatched base 

can form T-Hg2+-T base pairs. Thus, the fluorescence of SG is 

enhanced as it binds with the dsDNA in the mode of intercalation 

and minor groove binding.18 Since the dsDNA can be far away 

from the surface of MIL-101, the rotation of SG is relatively free, 10 

leading to a decreasing of the FA value.17a Thus, Hg2+ can be 

detected by the large value change of FA. As is well-known, I– 

ion is a strong Hg2+-binder, and can be used to unfold the 

T-Hg2+-T double-stranded structure. Therefore, in the presence of 

I–, the SG/P can be adsorbed on MIL-101 again. Consequently, 15 

the fluorescence of SG is decreased, and the FA of SG is 

enhanced. As expected, a new detection method of Hg2+ and I– 

has been successfully constructed. Simultaneously, a new 

MIL-101 based Hg2+/I–-driven fluorescence intensity and 

fluorescence anisotropy dual model DNA INHIBIT logic gate has 20 

also been designed. 

In order to quantify Hg2+ and I– better, several factors, such 

as the reaction time for hybridization and fluorescence quenching 

(Fig. S1), pH value (Fig. S2), and the dosage of MIL-101 (Fig. S3) 

were optimized. The high background signal of SG/P decreased 25 

significantly on employing MIL-101, thus increasing the 

signal-to-background ratio (expressed as F/F0, where F and F0 

represent the fluorescence intensity of SG in the presence or 

absence of Hg2+, respectively) as high as ~5-fold (Fig. S4). In the 

FA experiments, with the introduction of MIL-101, the value 30 

change of FA in the absence or presence of the target (expressed 

as |∆r|) have improved ~45-fold and ~23-fold for the Hg2+ and I–, 

respectively (Fig. S5). All the results showed that MIL-101 was 

not only an efficiently low background platform but also an FA 

amplification platform. 35 

 

 

Fig. 1 (A) Fluorescence emission spectra of SG/P/MIL-101 upon the addition 

of Hg
2+

. (B) The signal-to-background ratio (F/F0) histogram of SG/P 

/MIL-101 (squares) and SG/P (diamonds) with increasing concentration of 40 

Hg
2+

. Concentrations: Hg
2+

, a → m, 0, 20, 50, 100, 200, 300, 400, 500, 600, 

700, 800, 1000, 1200 nM; SG, 0.245 µM; P1, 20 nM; P2, 20 nM; MIL-101, 36 

µg·mL
–1

. Tris-HCl buffer, pH 7.6. 

To test the sensitivity for Hg2+ detection, the system was 

mixed with various amounts of Hg2+ under the optimal conditions. 45 

As shown in Fig. 1A, with the increasing concentration of Hg2+, 

the fluorescence intensity of SG/P /MIL-101 increases gradually. 

Fig. 1B shows the F/F0 plotted against the concentration of Hg2+, 

indicating that the F/F0 in the presence of MIL-101 is much 

higher than that in the absence of MIL-101, and the linear range 50 

is from 20 to 600 nM with the equation F/F0=0.033cHg
2+ 

(nM)+0.68, R=0.998 (Fig. 1B). It confirmed that the detection 

limit was as low as 10.5 nM (based on 3σ/slope). In the FA 

method, with the addition of Hg2+, the FA of SG/P/MIL-101 

decreased gradually. The value change of FA was expressed as 55 

|∆r1| (|∆r1|=|r1－r2|, wherein r1 and r2 stand for the FA values of 

the SG/P/MIL-101 in the absence and presence of Hg2+, 

respectively). As shown in Fig. 2A, the linear range is from 20 to 

200 nM with the equation |∆r1|=0.036+7.08×10-4cHg
2+ (nM), 

R=0.993, and the detection limit is 8.66 nM. 60 

To validate the selectivity of this assay for Hg2+ detection, 

competing metal ions, including Al3+, Fe3+, Cr3+, Ni2+, Co2+, Cu2+, 

Zn2+, Mg2+, Ba2+, Ca2+ and K+ were tested under the same 

conditions with a concentration 5 times higher than that of Hg2+. 

The results showed that both the F/F0 and the |∆r1| of the system 65 

had little change in the presence of the majority of the interfering 

metal ions (Fig. S6), indicating the designed method had 

excellent selectivity for the Hg2+ detection over other metal ions. 

 

 70 

Fig. 2 (A) The changes of |∆r1| with different concentration of Hg
2+

: 0, 20, 40, 

60, 80, 100, 120, 160, 200, 250, 300, 400, 600 nM. (B) The changes of |∆r2| 

with different concentration of I–
: 0, 0.02, 0.05, 0.1, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 

6.0, 10 µM; Hg
2+

, 200 nM. Concentrations: SG, 0.245 µM; P1, 20 nM; P2, 20 

nM; MIL-101, 33 µg·mL
–1

. Tris-HCl buffer, pH 7.6. 75 

As discussed previously, I– as a second input will change the 

fluorescence intensity and FA of the system. As shown in Fig. 3A, 

with the increasing concentration of I–, a gradual decrease of the 

fluorescence intensity is observed, indicating the competition 

between I– and thymine for Hg2+. Fig. 3B shows the F/F0 plotted 80 

against the concentration of I–, and the linear range is from 0.05 
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to 1.6 µM with the equation F/F0=85–35cI
–
 (nM), R=0.994 (Fig. 

3B), the detection limit is 13 nM. In the FA method, the FA of 

SG/P/Hg2+/MIL-101 was increased gradually with the addition of 

I–, and the value change of FA was expressed as |∆r2| (|∆r2|=|r2－

r3|, wherein r2 and r3 stand for the FA values of the 5 

SG/P/Hg2+/MIL-101 in the absence and presence of I–, 

respectively). As shown in Fig. 2B, the linear range is from 0.02 

to 3.0 µM with the equation |∆r2|=0.014+0.055cI
– (µM), R=0.990, 

and the detection limit is 17.4 nM. 

 10 

 

Fig. 3 (A) Fluorescence emission spectra of SG/P/Hg
2+

/MIL-101 upon the 
addition of I

–
. (B) The changes of fluorescence intensity at 529 nm with 

different concentration of I
–
. Concentrations: Hg

2+
, 500 nM; I

–
, a → k, 0, 0.05, 

0.1, 0.2, 0.4, 0.8, 1.6, 2.4, 3.0, 4.0, 5.0 µM; SG, 0.245 µM; P1, 20 nM; P2, 20 15 

nM; MIL-101, 36 µg·mL
–1

. Tris-HCl buffer, pH 7.6. 

The selectivity of this assay for the detection of I– was 

investigated by testing common competing anions, including F–, 

Cl–, Br–, BrO3
–, IO3

–, SO4
2–, HCO3

–, NO3
–, HPO4

2– and SCN–, 

which undergoes the same conditions with a concentration 5 20 

times higher than that of I–. For the fluorescence method, the 

results showed that only I– decreased the fluorescence intensity 

dramatically, showing an 86.1% decrease of the original value 

(Fig. S7A). For the FA method, only I– caused a large change of 

|∆r2| (Fig. S7B), while other anions showed insignificant changes 25 

to the detection signals of the SG/P/Hg2+/MIL-101 system. 

Overall, the sensitivity and selectivity investigation for I– 

detection demonstrated that the SG/P/Hg2+/MIL-101 system is 

suitable for the detection of I– over other competing anions in 

both fluorescence and FA methods.  30 

The Hg2+/I– mediated fluorescence intensity and FA changes 

in the sensing system enable a dual model DNA INHIBIT logic 

gate. Here, Hg2+ and I– are defined as the two inputs for the logic 

gate; fluorescence and FA signals are defined as the two outputs. 

The four possible input combinations are shown in the truth table 35 

(Fig. 4D), including (0, 0), (0, 1), (1, 0) and (1, 1). For input, the 

presence of Hg2+ or I– is defined as 1 and the absence as 0. In the 

absence of both Hg2+ and I– (0, 0), the fluorescence intensity of 

the system is weak, the FA signal is strong, and we define the 

outputs as 0, respectively. While only in the presence of I– (0, 1), 40 

the outputs are both still 0. In the presence of Hg2+ (1, 0), the 

fluorescence intensity of the system is strong, the FA signal is 

weak, and we define the outputs as 1, respectively. When in the 

presence of both Hg2+ and I– (1, 1), the outputs are also 0. 

Therefore, in the whole progress, only the introduction of Hg2+ 45 

can lead to the dramatic change of the output signal (Fig. 4A, B, 

C); meanwhile, Fig. 4B (light grey) showed that the value 

changes of FA are very small in the absence of MIL-101, and it 

could not be used for the detection of Hg2+ and I–. This is a new 

concept for performance of DNA logic gate and it is the first 50 

example of a MIL-101-based Hg2+/I–-driven dual model DNA 

INHIBIT logic gate. Our study provides a new strategy with 

potential applications in monitoring Hg2+ and I– in environmental 

samples. The determination results of Hg2+ and I– with the two 

methods in tap water are given in Table S1. 55 

 

 

Fig. 4 (A) Fluorescence emission spectra of SG/P in different conditions, 
Hg2+, 500 nM; I–, 3µM; MIL-101, 36 µg·mL–1. (B) The FA of SG/P in the 

presence of 200 nM Hg2+, 3.0 µM I– and 33 µg·mL–1 MIL-101, 60 

respectively. (C) Fluorescence intensity at 529 nm in the form of a bar 
representation. (D) Truth table for the two-input and two-output INHIBIT 

logic gate. Concentrations: SG, 0.245 µM; P1, 20 nM; P2, 20 nM. 

Tris-HCl buffer, pH 7.6. 

In conclusion, we have employed MIL-101 as both the low 65 

background signal and FA amplification platform to construct a 

dual model logic gate for the detection of Hg2+ and I–. The 

proposed method presents several advantages: a) it is label-free; b) 

comparing to the reported methods,2a, 14 it has high sensitivity for 

the determination of I–. For the detection of Hg2+, the sensitivity 70 

is comparable to that reported in the literatures;19 c) it is the first 

time that introducing FA as output signal of logic gate, expanding 

the application of FA and MOFs. 
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