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Abstract A metal-organic framework (MOF) was designed
and prepared from luminescent Tb(III), adenosine diphos-
phate (ADP) and bipyridyl (Bipy). Its green fluorescence at
545 nm is shown to enable the fluorometric detection of cya-
nide ion based on the principle of 7-conjugation-induced fluo-
rescence enhancement. The fluorescence of the probe is
strongly increased by cyanide due to extended 7t-conjugation
between probe MOF and cyanide which sensitizes the fluo-
rescence of Tb(IID). This effect can be used to quantify cyanide
at levels as low as 30 nM in aqueous solution. The method
was applied to the determination of cyanide in saliva samples.
The lack of interference by acetate and fluoride is a specific
feature of this method. The method based on the principle of
mt-conjugation-induced fluorescence enhancement provides a
new sensing way for widely used fluorescence assays.

Keywords Fluorescence - Assay - MOF - t-Conjugation -
Fluorescence enhancement - Cyanide ion - Terbium ion -
Bipyridyl - Adenosine diphosphate (ADP)

Introduction

Cyanide is a vital inorganic material in industry sector includ-
ing gold mining, electroplating, metallurgy, synthetic fibers,
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and synthesis of nylon and acrylic polymers as well [1].
However, it is very noxious to the human health and environ-
ment [2]. Cyanide of 0.5-3.5 mgkg ' of body weight will
cause emesis, losing consciousness and eventually death be-
cause it interferes with the electron transport of cytochrome ¢
oxidase following hypoxia. The highest allowable level of cy-
anide in drinking water is only 0.05 mg-L ™" (1.9 uM) according
to the World Health Organization (WHO) [3]. Chinese National
Standard stipulated that the content of cyanide in drinking wa-
ter should be less than 0.05 mg~L_1 [4], and in surface water of
Class I and IT should be less than 0.005 and 0.05 mg-L™" [5],
respectively. Thus, it is very important to monitor the level of
cyanide in the production processes and environment.

General approaches used for the assay of cyanide including
electrochemistry [6], hydrogen-bond interaction [7], supramo-
lecular self-assembly [8, 9], nucleophilic addition reactions [10,
11], and spectroscopy [12, 13]. Quite a number of cyanide
probes were designed on the basis of the interaction of
hydrogen-bonding between the receptor unit and cyanide
[14-16]. However, F and CH;COO (Ac ) are also easily to
form hydrogen bound with the receptor unit, which weakens the
specificity of determination of these probes. The cyanide probes
using organic dye molecule, although usually possess high spec-
ificity, are limited in the assays of aqueous biological samples
because most organic dye molecules are water-insoluble [17].
Some cyanide probes have to use an enhancement regent to
meet the requirement of specificity and solubility [18]. In addi-
tions, many of these probes are slowing responsive and time-
consuming [19, 20]. Despite many research works, the proper-
ties of highly sensitivity, selectivity, capable of being used in
aqueous solutions and quick response to cyanide are rarely all
present in a single molecule probe.

Newly emerged metal-organic frameworks consisting of
metal ions and organic bridging ligands have attracted great
attention in designing functional materials. The composition
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and structure of MOFs are flexible and rich, and it is easy to be
assembled into desired functional structures according to the
design objective. The MOFs containing lanthanide ions are of
excellent photostability against photobleaching [21] and
unique long fluorescence lifetimes which allows the use of
the time-resolved fluorescence techniques [22]. However,
the luminescence of lanthanide ions is weak, and often needs
an emission enhancement by antenna molecules.

In this work, we designed and synthesized a metal-organic
framework (MOF) material based on the principle of 7t-
conjugation-induced fluorescence enhancement (Scheme 1).
This MOF material is composed of luminescent Tb(III) ion,
biomolecule adenosine diphosphate (ADP) and dipyridyl
(Bipy), denoted as Tb-ADP-Bipy MOF. The ADP and Bipy
with 7t-conjugation structure are used as the ligands of Tb>* by
p-7t conjugation. In the presence of linearly structural cyanide,
an extended 7-conjugation can be formed between cyanide
and Tb-ADP-Bipy MOF. As a result, the fluorescence of Tb-
ADP-Bipy MOF will be greatly increased.

Experimental section
Chemicals and solutions

Tb(NO3)3:6H,0 (99.99%) was purchased from Baotou Rewin
Rare Earth Metal Materials Co., Ltd. (http://www.btrew.
com/); 2-2'-Bipyridyl (Bipy) (99.0%), Adenosine-5'-diphos-
phate disodium salt (ADP) (>98%), D-Phenylalanine (Phe)
(98%), Dopamine hydrochloride (DA) (98%), 1,10-
Phenanthroline Monohydrate (Phen) (98%) and Nicotinic acid
(VB3) (99%) were purchased from Aladdin (http://www.
aladdin-e.com/); Cyanide standard (50 ug-mLfl) was from
the center of Chinese reference materials (http://www.gbw-
china.com/); The ultrapure water (resistivity 18 M(2-cm)
purified with a Millipore filtration system was used to
prepare all aqueous solutions. The stock solutions of
interference ions (I mM) were prepared by dissolving

Scheme 1 Schematic diagram of
the detection of cyanide using Tb-
ADP-Bipy MOF via extended 7t-
conjugation-induced fluorescence
enhancement

Naz;PO,4, Na,COj3, NaAc, NaF, NaCl, NaBr, NaNO;,
NaN02, Na2803, N32$O4, FeCl3, FeClz, CO(NO3)2, CUC12,
ZH(NO3)2, CaClz, NI(NO3)2, MHCIQ, Pb(NO3)2, Cd(NO3)2,
HgCl, and AgNOj; in ultrapure water, respectively. Unless
otherwise stated, all chemicals were analytical reagent grade
and used without further purification.

Instruments

The morphology and size of MOF materials were observed by
Ultra Plus scanning electron microscope (SEM) (Zeiss,
Germany). The fluorescence spectra were recorded at excita-
tion wavelength of 230 nm by an LS55 luminescence spec-
trometer (PerkinElmer, UK). The detection solution was
placed in a quartz micro cuvette with 1 mL capacity and
2 mm light path. A delay time of 0.05 ms and a gate time of
2 ms were used. Excitation spectra were recorded by observ-
ing the emission intensity of Tb>* at 545 nm. The Fourier
transform infrared (FT-IR) were recorded with an Avatar 360
FT-IR spectrometer (Nicolet, USA). UV-visible absorption
spectra were recorded with a UV-1800 spectrophotometer
(Shimadzu, Japan).

Preparation of Tb-ADP-Bipy MOF

Typically, 1 mL of Tb(NOs); solution (10 mM) was added to
1 mL of 2, 2'- Bipyridyl solution (20 mM), after this mixture
was stirred for 30 min, 1 mL of adenosine diphosphate aque-
ous solution (10 mM) was added. The reaction was allowed to
continue for 1.5 h under stirring. Then, the mixture was cen-
trifuged at 14000 rpm for 10 min. To remove unreacted reac-
tants, we washed the precipitate three times. Finally, the pre-
cipitate was dried, weighed (approximately 4.01 mg) and dis-
persed in 2 mL of ultrapure water to form a Tb-ADP-Bipy
suspension of 2.00 mg:mL~" for the subsequent experiments.
As controls, Tb-Phe-Bipy, Tb-DA-Bipy, Tb-VB3-Bipy and
Tb-ADP-Phen were prepared in the same way.

Tb-ADP-Bipy
Weak fluorescence
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Fluorescence response of Th-ADP-Bipy MOF to cyanide

For fluorescence response of Tb-ADP-Bipy to cyanide,
10 uL of cyanide solution with the different concentra-
tions (0, 0.30, 0.60, 1.20, 2.40, 4.80, 9.60, 19.20 uM)
were added to 100 uL of Tb-ADP-Bipy suspension, and
ultrapure water was added until the total volume reached
to 1 mL. After adequately mixing, the solution was placed
in a sample cell of the luminescence spectrometer. The
fluorescence intensities at 545 nm were recorded under a
230-nm excitation wavelength. Other materials such as
Tb-GMP-Bipy were done in the same way.

Selectivity of Tb-ADP-Bipy MOF to cyanide

For the selectivity of the assay of cyanide, 20 uL of interference
jon (anion: PO,>~, COs*", Ac,F,CI, Br ,NO; ,NO, , SO;*
and SO, cation: Fe**, Fe**, Co*", Cu**, Zn**, Ca®*, Ni',
Mn?*, Pb**, Cd**, Hg** and Ag") aqueous solution (1 mM) were
added to 100 uL of Tb-ADP-Bipy suspension (2.00 mg-mL ),
respectively, and the ultrapure water was added until the total
volume reached to 1 mL. The fluorescence intensities at
545 nm were measured on the luminescence spectrometer with
an excitation wavelength of 230 nm.

Detection of cyanide in saliva sample

Fresh saliva was collected from volunteers. These saliva sam-
ples were diluted 20-fold with ultrapure water and centrifuged
at a speed of 10,000 rpm for 10 min for the removing of
possible oral epithelium. The supernatant was further filtrated
with 0.22 pum filter membrane (whatman). The saliva samples
containing 1, 5 and 10 uM cyanide were prepared by spiking
standard cyanide solution. For the measurement of cyanide in
the saliva samples, 100 pL of Tb-ADP-Bipy suspension
(2.00 mg~mL71) was added to 100 pL of saliva samples, and
the ultrapure water was added until the total volume reached to
1 mL. These solutions were incubated for 5 min, and their
fluorescence spectra were recorded under a 230-nm excitation
wavelength.

Fig. 1 SEM images of Tb-ADP-
Bipy before (a) and after the
treatment with cyanide (b)

Results and discussion

The scanning electron microscopy (SEM) image of Tb-ADP-
Bipy MOF is shown in Fig. 1. The selected area electron diffrac-
tion and XRD show that the structure of Tb-ADP-Bipy is amor-
phous (Fig. S1 and S2). In the presence of cyanide, the morphol-
ogy of Tb-ADP-Bipy does not obviously change. The chemical
elements of Tb-ADP-Bipy MOF was determined via energy
dispersive X-ray (EDX), and the result shows the existence of
the element C, N, O, Tb and P (Fig. S3). ADP is the only P
source, suggesting that ADP is included in Tb-ADP-Bipy.

To understand the mutual bonding of ADP, Bipy and Tb? *
we measured the FTIR spectra of Tb-ADP-Bipy. As shown in
Fig. 2, the asymmetrical stretching vibration peaks of POj
group (V,5(PO3)) of ADP at 1131 cm ', Tb-ADP at
1120 cm™', Tb-ADP-Bipy at 1116 cm™' and Tb-ADP-Bipy
in the presence of cyanide at 1112 cm ™' show a gradual blue
shift as the conjugation effect enhanced. It implies that a de-
crease in the absorbed energy caused by the formation of an
extended 7-conjugation. There are several differences be-
tween the ADP and Tb-ADP in FTIR spectra. Compared with
ADP, the peaks of Tb-ADP at 1581 cm ! for v(C,-Ny) shifted
to 1577 cm™ ', at 1650 cm™ ! for §(N-H) shifted to 1646 cm ',
at 1210 cm ! for v,4(PO,) shifted to 1221 cm !, and at
1131 em ™! for v,4(PO5) shifted to 1120 cm™' [23]. These
results show that the N;, amido and phosphate group of
ADP may have participated in the coordination with Tb**. A
band at 1577 cm™', which is assigned to the stretching vibra-
tion peak of Bipy of Tb-ADP-Bipy (v(C=N)) is observed,
suggesting that Bipy also coordinated with Tb>*.
Furthermore, compared with Tb-ADP, Tb-ADP-Bipy displays
a blue shift of UV absorption and the hyperchromic effect is
observed because -C=N group is chromophore (Fig. S4).
After the addition of cyanide, Tb-ADP-Bipy was thoroughly
washed. We found that the band of Tb-ADP-Bipy at
2360 cm ! for L(C=N) s still observed, indicating that cya-
nide ion coordinated with Tb>*, and was bonded to the surface
of Tb-ADP-Bipy MOF.

The results of fluorescence spectra are shown in Fig. 3.
Neither Tb-Bipy complex nor Tb-Bipy complex in the presence
of cyanide has obvious emission at 545 nm that is the charac-
teristic emission of Tb>". It indicates that single -Bipy or single -
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Fig.2 FTIR spectra of ADP, Tb-ADP, Tb-ADP-Bipy and Tb-ADP-Bipy
after a treatment of cyanide. 0: scissoring vibration; v: stretching vibration

Bipy-cyanide is profitless to the sensitization of emission of
Tb>. Compared with Tb-ADP, the fluorescence of Tb-ADP in
the presence of cyanide only has a tiny increase. This indicates
that cyanide itself did not sensitize the emission of Tb>* signally.

The fluorescence intensity of Tb-ADP-Bipy is stronger than
that of Tb-ADP. As the second ligand, Bipy may improve the
energy transfer from ADP to Tb**, which causes an increase in
the emission of Tb>*. Bipy itself cannot obvious sensitize the
emission of Tb>". However, in the presence of cyanide, the
fluorescence of Tb-ADP-Bipy is enhanced intensively. As an-
ticipated, this intensive enhancement is a result of the formation
of an extended 7t-conjugation between Tb-ADP-Bipy and cy-
anide that greatly sensitized the fluorescence of Tb*".

The emission of Tb-ADP-Bipy is gradually increased with
the addition of cyanide (Fig. 4). There is a linear relationship
between the fluorescence and the concentration of cyanide in
the range of 30 nM to 3.84 uM (Fig. 4 inset), and the detection
limit is as low as 30 nM (Fig. S5). This limit of detection is
much lower than the highest level of cyanide of 0.05 mg-L™"
(1.9 uM) in drinking water permitted by the WHO. In the

400+ ——Tb-ADP-Bipy + cyanide
Tbh-ADP-Bipy

—— Tb-ADP + cyanide

300{— Th-ADP

—— Th-Bipy + cyanide
Tbh-Bipy

200- ——Tb-ADP

230 nm
100+

Fluorescent Intensity (a.u.)

L I\ JAmA

200 300 400 500 600
Wavelength (nm)

Fig.3 Excitation and fluorescence spectra of Tb-Bipy complex solution,
Tb-Bipy + cyanide solution, Tb-ADP suspension, Tb-ADP suspension +
cyanide, Tb-ADP-Bipy suspension and Tb-ADP-Bipy suspension +
cyanide. The concentrations of Tb>* and cyanide ion are 10 and 2 uM,
respectively. Emission wavelength for excitation spectra and excitation
wavelength for fluorescence spectra are 545 and 230 nm, respectively
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Fig. 4 Fluorescence spectra of Tb-ADP-Bipy MOF excited at 230 nm in
the presence of different concentrations of cyanide solution (0, 30, 60,
120, 240, 480, 960, 1920, 3840 nM). Inset: Linear relationship between
the fluorescence intensity of Tb-ADP-Bipy MOF at 545 nm and cyanide
concentration

presence of excess cyanide, the fluorescence of Tb-ADP-
Bipy does not increase or even decrease with the increasing
concentration of cyanide. Probably, other ligands such as
ADP can be replaced by cyanide due to stronger coordination
ability of cyanide.

The response time of Tb-ADP-Bipy to cyanide is very fast,
and the fluorescence of Tb-ADP-Bipy reaches its maximum in
about 10 s (Fig. S6).The stability of fluorescence of Tbh-ADP-
Bipy in water solution is excellent. No obvious changes in
fluorescence intensity of Tb-ADP-Bipy are observed at least
in 30 days (Fig. S7).
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Fig. 5 The selectivity of cyanide assay using Tb-ADP-Bipy MOF
material. The concentrations of interfering ion, cyanide and Tb-ADP-
Bipy were 20 uM, 1.92 uM and 2.00 mg'mL™" respectively. Iy: the
fluorescent intensity of Tb-ADP-Bipy. I: the fluorescent intensity of Tb-
ADP-Bipy in the presence of interfering ions
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Table 1 A comparison of fluorescent method for the detection of cyanide

Method Reaction medium Detection range (nM) Refs.
Synthetic molecular probe, nucleophilic addition reaction DMSO 45 — not mentioned [24]
Synthetic molecular probe, nucleophilic addition reaction DMSO/H,O/HEPES 3.1 — not mentioned [25]

Irpq @Si0,, replacement reaction Ethanol 12,500-113,000 [26]
Coumarin derivative, intramolecular charge transfer Aqueous media 200 — not mentioned [27]
Au-Fe;0y, inner filter effect NaOH-Na,HPO, 4 — not mentioned [28]
BPEI-CQDs/Cu?", inner filter effect PBS 2000-20,000 [29]

Cu®" modified CdTe QD, Cu**+ CN —Cu(CN), Tris-HCl 150-12,000 [30]
Tb-MOF, extended 7t-conjugation Aqueous media 30-3840 This work

Further, the selectivity of the assay using Tb-ADP-Bipy
MOF was measured. The anions including PO437, CO327,
Ac, F,Cl, Br,NO;, NO, , SO5* and SO,* were used
as the interfering ions. As shown in Fig. 5a, some competitive
species such as PO437, CO32_, Ac and F , which often show
strong interference to cyanide detection, do not make any
significant fluorescence changes with the concentration 10
times higher than cyanide. The anions of PO,*", CO5*",
NO;~, NO, , SO5* and SO4> with more complex structures
also does not interfere with the assay due to the fact that they
cannot form a stable conjugated structure. The influence of
metal ions on the fluorescence of Tb-ADP-Bipy MOF was
also tested (Fig. 5b). Their influences are negligible within
the error allowed. Potentially interfering hydrogen peroxide
(H,0,) did not show interference for the assay.

The fluorescence enhancement of Tb-ADP-Bipy is a result
of an extended 7-conjugation caused by cyanide. In order to
prove this mechanism, we further selected and tested other
ligands capable to form a 7-conjugation with cyanide includ-
ing Phenanthroline (Phen), GMP, Phenylalanine (Phe),
Dopamine hydrochloride (DA) and Nicotinic acid (VB3).
Phen possessing P electron was chosen to instead of Bipy.
As shown in Fig. S8, the fluorescence of Tb-ADP-Phen is
enhanced in the presence of cyanide due to an extended 7t-
conjugation among Tb**, ADP, Phen and cyanide. Similarly,
the fluorescence enhancement is observed as GMP, Phe, DA
and VB3 replaced ADP, and the fluorescence of Tb-GMP-
Bipy, Tb-Phe-Bipy, Tb-DA-Bipy and Tb-VB3-Bipy increases
with the concentration of cyanide (Fig. S9, S10, S11 and S12).

We compared other fluorescent methods for the measure-
ment of cyanide (Table 1). The present method shows a com-
parable detection limit and wider detection range.

Table 2  Determination of cyanide in saliva sample

Spiked (nM) Detected (nM) Recovery (%) RSD (n=3)
100.00 102.85 +2.40 102.85 0.76
500.00 499.39 £2.55 99.88 0.74
1000.00 1002.14 + 3.06 100.21 0.53

Cyanides are widespread chemicals found in industrial
waste, biological sources even in vegetables [31]. Cyanide
has great possibility causing poisoning to human via oral cav-
ity approach. We used Tb-ADP-Bipy MOF to determinate
cyanide in saliva according to the strategy of 7t-conjugation-
induced fluorescence enhancement mentioned above. The re-
sults of detecting cyanide in saliva samples are shown in
Table 2. The recoveries and relative standard deviations fell
in the range of 99.88-102.85% and 0.53—0.76, respectively,
indicating a good precision and satisfactory reproducibility for
the assay of cyanide.

In conclusion, a new 7t-conjugation-induced fluorescence
enhancement assay for cyanide was established. This assay is
based on the principle that an extended m-conjugation is
formed between Tb-ADP-Bipy MOF and cyanide which
greatly sensitized the fluorescence of Tb>*. Similarly structur-
al Tb-Phe-Bipy, Tb-DA-Bipy and Tb-ADP-Phen were synthe-
sized and used to further validate this mechanism. Tb-ADP-
Bipy MOF-based assay showed excellent selectivity and high
sensitivity with a detection limit as low as 30 nM, and can
satisfactorily detect cyanide in saliva samples, which probably
provides an alternative means for the forensic investigation of
cyanide. A specific feature of this method is lack of the dis-
advantage of common assays for cyanide that are subject to
the interference of acetate and fluoride. To the best of our
knowledge, this is the first time an extended 7t-conjugation-
induced fluorescence enhancement was applied to an assay.
This strategy opened a new way to the sensing of other
small molecules/ions capable of forming an extended 7t-
conjugation.
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