ITHJAPPLIED MATERIALS

XINTERFACES

Subscriber access provided by Kaohsiung Medical University

Applications of Polymer, Composite, and Coating Materials

Dual-Emitting Eu(lIl)-Cu(ll) Heterometallic-Organic Framework:
Simultaneous, Selective and Sensitive Detection of
Hydrogen Sulfide and Ascorbic Acid in a Wide Range
Xubin Zheng, Ruiqging Fan, Yang Song, Kai Xing, Ping Wang, and Yulin Yang
ACS Appl. Mater. Interfaces, Just Accepted Manuscript « DOI: 10.1021/acsami.8b11367 « Publication Date (Web): 31 Aug 2018
Downloaded from http://pubs.acs.org on September 2, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

N4 ACS Publications

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.



Page 1 of 28 ACS Applied Materials & Interfaces

Dual-Emitting Eu(III)-Cu(II) Heterometallic-Organic

Framework: Simultaneous, Selective and Sensitive Detection of

oNOYTULT D WN =

9 Hydrogen Sulfide and Ascorbic Acid in a Wide Range

Xubin Zheng,T Ruiqing Fan,*" Yang Song,T Kai Xing,T Ping WangT and Yulin Yang""T

16 "MIIT Key Laboratory of Critical Materials Technology for New Energy Conversion
and Storage, School of Chemistry and Chemical Engineering, Harbin Institute of
19 Technology, P. R. China

* Corresponding Author: Ruiqing Fan and Yulin Yang
27 E-mail: fanruiqing@hit.edu.cn and ylyang@hit.edu.cn

60 ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

ABSTRACT: As the important biomolecules, the deficiency or maladjustment of
hydrogen sulfide (H,S) or ascorbic acid (AA) is associated with the symptoms of the
same diseases (e.g., cardiovascular disease or cancer). There is an urgent need to
develop a fluorescent probe capable of distinguishing between H,S and AA
simultaneously. Here, we report the syntheses, structure, and property of the first
dual-detection fluorescent probe which can differentiate H,S or/and AA in aqueous
media. Accordingly, a novel [EuCu(pydc),(0x)os(H20);3-1.5H,0]2, (1, Hypyde =
2,3-pyridinedicarboxylic acid, ox = oxalic acid) for selective and sensitive detection
of H,S and AA in a wide range has been constructed (H,S: [130 nM, +x); AA: [55
nM, +0)), exhibiting excellent catalytic activity comparable to horseradish peroxidase
(HRP). And the highly efficient detection in human serum sample also proves the
potential application in medical diagnosis. Meanwhile, an combinatorial logic gate
(AND(INH)-OR) based on the activated 1 has also been constructed. Furthermore,
this approach for simultaneous H,S and AA detection suggests that the current work
will expand the potential application of MOFs for dual or multiple detections in

biomedical fields.

KEYWORDS: metal-organic framework, bimetallic biosensor, catalysis, hydrogen

sulfide, ascorbic acid, in a wide range
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B INTRODUCTION

Reactive sulfur species (RSS), such as H,S and bio-thiols, have formed an
increasing research field because of the important physiological function.'” Among
these, hydrogen sulfide (H»S) is probably the most attractive as it has been confirmed
as the third gaseous transmitter following CO and NO.*® It can regulate the state of
intracellular redox and basic signalling processes, including neurotransmission,
myocardial contractility, regulation of vascular tone, and insulin secretion.” Abnormal
H,S levels were identified to be related to Alzheimer’s disease,® liver cirrhosis,’
arterial hypertension'® and cancer,'' making it a potential target to diagnostics and
treatment of these diseases. Meanwhile, ascorbic acid (AA), as a biological cofactor,
is essential to human health and plays a vital role in many physiological and chemical
processes.'> The maladjustment of AA is also associated with the symptom of many
diseases, such as scurvy, cardiovascular disease or cancer.” Then there is a serious
challenge for the rapid diagnosis of disease because of the similar symptom related to
H,S or/and AA. Consequently, it is very meaningful to find a method that shows
highly sensitive and selective detection of H,S and AA. To date, such dual-detection
probe for H,S and AA has not been reported.

With the increasing knowledge available for sensing H,S and AA,"? It is now
possible to develop a dual-detection fluorescent probe for differentiating between H,S
and AA. Such probe will be of great significance in understanding the physiological
interaction between H,S and AA. Although a simple mix of two specific probes can
detect two analytes with different fluorescence signals, it is also hard to overcome the
difficulties such as potential reaction, uneven loading and unknown interference
between the two probes in one system. In addition, this strategy is further limited in
cell or/and in vivo imaging because of the larger invasive effects, and possible
different localization and metabolisms of the probe.24'27 Therefore, it is significant
(but also challenging) to design a single fluorescent probe that can easily distinguish
between H,S and AA. As shown in Scheme 1, we envisaged that the single

fluorescent probe will contain two different and separate reaction sites A and B. In the
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ideal case, each reactive site was designed to only react with one species (H,S or AA)
to cause the corresponding fluorescence response. To achieve this design,

28-30

lanthanide-transition (4f-3d) heterometallic-organic frameworks, combining

31-33

the merits of transition-MOFs (e.g., excellent optical, electrical and

catalytic property) and lanthanide-MOFs**

(e.g., sharp emission, large Stokes
shift (>200 nm), relatively long excited-state fluorescence lifetime and high
color purity), may be regarded as very suitable choice,’® where two separate
metal sites serve as reactive site for selective detection of H,S and AA,
respectively. However, the study of 4f-3d MOFs is still insufficient. It remains
a challenge to select and design suitable building unit and assemble them into

the 4f-3d MOFs with predictive structure and function because of the

competitive reaction between two different types of metal ions with organic
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Scheme 1 The design of a single fluorescent probe for H,S and AA detection.

ligand.

‘IIII

Here, we report the rational design, synthesis, and evaluation of the first probe
capable of distinguishing between H,;S and AA in bio-mimic environment and real
sample. According to the design (Scheme 1), we have successfully synthesized one
novel [EuCu(pydc),(ox)ys(H20);-1.5H,0], (1, Hypyde = 2,3-pyridinedicarboxylic
acid, ox = oxalic acid) for the first time. We envisaged that the size of the channel
(10.1x14.6 A%) in 1, which are larger than the maximize size of AA (7.0 A) and H,S
(2.0 A), could allow analytes to diffuse and react easily. Meanwhile, 1 also exhibits
excellent stability towards water and simulated biological system, which is highly

desirable for practical applications. As designed, the activated 1 (named as 1a after)
4

ACS Paragon Plus Environment

Page 4 of 28



Page 5 of 28

oNOYTULT D WN =

ACS Applied Materials & Interfaces

shows selective and sensitive detection of H,S or/and AA in a wide range (H,S: [130
nM, +o0); AA: [55 nM, +o0)) and has been successfully applied to detect H,S and AA
in human serum samples. At the same time, 1a is also found to exhibit excellent
peroxidase-like activity and can catalyze the decomposition of H,O, into -OH, which
plays a crucial role in the detection of AA and selective detection between H,S and
AA.
B RESULTS AND DISCUSSION
Synthesis and characterization of 1

1 was obtained as blue crystal from the reaction of Eu(NOs);-6H,0,
Cu(NOs3),-3H,0, Hypydc, and Na,C,0O4 by a hydrothermal method. Single crystal
X-ray diffraction demonstrated that 1 crystallized in the monoclinic, space group C
2/c (Table S1, Supporting Information), with one tetra-coordinated Cu®" ion, one
octa-coordinated Eu®" ion, two pydc® ligands, half ox> bridge and three coordinated
H,O molecules per asymmetric unit (Figure S1, Supporting Information). Using
Addison’s model,”’ the coordination geometry of Cu®" ion (t4 = 0.075) could be better
described as planar quadrilateral. As illustrated in Figure 1, the adjacent Eu’" ions are
bridged by ox” linker to form a secondary building unit [Eux(C204)]. Then the
binuclear units are connected via pyde” ligands with Cu®” ions into 2D layer along the
a-axis, which are further stitched to each other via - w stacking interactions (Figure
S2, Supporting Information), constructing a 3D heteromatellic-organic framework
(Figure 1). The 3D framework exhibits 1D channels with the window size of
approximately 10.1x14.6 A%, The PXRD pattern confirmed the crystalline purity

(Figure S3a, Supporting Information).
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Figure 1. Crystal structure of 1 viewed along a crystallographic direction, showing coordination

. + +
environments around Cu’" and Eu’".

The structural stability of 1 to water environment is essential to meet the practical
application. As demonstrated by PXRD, excellent water stability was observed when
soaking the fresh sample of 1 in water for one week (Figure S3a, Supporting
Information). At the same time, the PXRD patterns were still consistent with the
simulated one when 1 was immersed in aqueous solution of pH value 3-8 for one day,
indicating that 1 can be stably present in biological systems (Figure S3b, Supporting
Information). Thermogravimetric experiment was also constructed to study the
thermal stability of 1. As shown in Figure S4 (Supporting Information), it gradually
decreased about 12.30% up to 250 °C, which was assigned to the loss of free water
and coordinated water (calculated: 12.18%). The free and coordinated water
incorporated in 1 can be removed by pumping it under vacuum at 180 °C for 10 h, and
the detailed structure of the activated sample 1a was shown in Figure S5 (Supporting
Information). Furthermore, the water-freed sample 1a was verified by TGA, which
showed similar thermal stability with fresh sample. The PXRD pattern of 1a also
confirmed the stability after water removal (Figure S3a, Supporting Information). But
the SEM images of 1a revealed the generation of the cracks on the surface after heat
treatment (Figure S6a and S6b, Supporting Information).

As depicted in Figure S7 (Supporting Information), luminescence properties of 1,
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1a and Hpydc were examined. The emission spectra of Hypydc excited at 400 nm
shows the maximum emission peak at 440 nm. Upon excitation of 315 nm (the
excitation spectra was shown in Figure S7d, Supporting Information), the activated 1a
showed very similar emission spectrum to 1. It is noteworthy that there were two
luminescent centers in 1a, which were attributed to the emission of Eu®" ions and
pydc” ligands, respectively. The fluorescence peaks at 590, 615, 650, and 695 nm
could be assigned to the 5D0—>7FJ (J = 1-4) transitions of the Eu’" ions. However, the
maximum emission at 365 nm, corresponding to pydc” ligand, is much weaker than
that of free Hopydc ligand. Because of the unsaturated electronic state (3d”), Cu®" has
a tendency to gain electrons. It will further promote the interaction between Cu”" ions
and Lewis basic carboxylic oxygen through the cooperative effect in the form of O—
Cu-0, which will increase the ligand-to-copper(Il) charge transfer and reduce the
ligand-to-europium(III) charge transfer, and then has no conducive to the emission of
Eu’" ions ((Figure S8, Supporting Information).
Hydrogen sulfide (H,S) sensing

With the open metal site and unsaturated electronic state (3d9), Cu”" ion can react
easily with guest of strong electron donor (e.g., HoS and thiol). Given the strong
binding affinity of sulfide to Cu®" ion, we explored the potential utility of 1a as a
turn-on sensor for H,S detection. As expected, the emission of 1a was immediately
enhanced up to 9-fold after the addition of H,S (Figure S9, Supporting Information).
Subsequently, response time of 1a to H,S was investigated. The emission of 1a
rapidly increased and stabilized after 2 min (Figure S10, Supporting Information),
which was faster than most reported H,S probes. Next, the fluorescence responses of
1a toward different concentrations of H,S were also investigated to evaluate whether
the developed sensor can be applied to quantitative detection of H,S. As depicted in
Figure 2, the emission intensity at 615 nm dramatically increased when the
concentrations of H,S ranged from 10 to 600 uM, and also showed a good linear
relationship between the fluorescence intensity ratio (/s;5//365-1) and the
concentrations of H,S (R*=0.9924). Detection limit was determined as 130 nM ((LOD

= 38/S) (Table S3, Supporting Information), which was lower than those previously
7
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reported fluorescent sensors (Table S4, Supporting Information).'®2***4% These data

indicated that 1a can be used as an excellent sensor for H,S.
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Figure 2. Concentration dependence and fluorescence spectra of la with the increasing
concentrations (0—2000 pM) of H,S (A¢x = 315 nm). Inset: Color photograph of 1a in the presence
of H,S under 365 nm UV lamp

To illustrate the mechanism of H,S sensing, PXRD spectra was performed. There
was neither appearance of new band nor disappearance of the existing band before
and after the addition of H,S (Figure S11, Supporting Information). It could also be
seen that the initial size and morphology of H,S-treated 1a did not change compared
to original sample la (Figure S6c and S6d, Supporting Information). Elemental
analyses indicated an increase in the S content (Table S5, Supporting Information).
The disappearance of the absorption peak of H,S at 230 nm in the UV-Vis spectra also
proves that H,S can be absorbed into the framework (Figure S12, Supporting
Information). X-ray photoelectron spectroscopy revealed a conspicuous shift of Cu
2ps» peak toward lower energy when treated with H,S (from 932.8 to 932.2 eV)
(Figure S13, Supporting Information), which is consistent with the mechanism by
which H,S acts as a strong electron donor to reduce the binding energy of the metal
center.”' These results confirmed that the interaction between H,S and 1a could result
in the enhancement phenomenon, but it was not strong enough to destroy the
crystalline structure of 1a. Therefore, the following mechanism could be speculated:
H,S, as a strong electron donor, can reduce the interaction between Cu*" ion and the

pydcz' ligand by decreasing the binding energy of the metal center; as a result, to

8
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reduce  the ligand-to-copper(Il) charge transfer and increase the
ligand-to-europium(III) charge transfer ((Figure S8, Supporting Information)).
Catalysis of 1a for the reaction of H,O, and AA
The catalytic activity of 1la was investigated by the strong luminescence of the
complex of Eu’" ions and oxidized AA.** AA itself is colorless, and also cannot bond
with Eu’" ions to emit strong fluorescence even in the presence of H,O, (Figure S14,
Supporting Information). After the introduction of Cu®" ion, the solution, containing
Eu3+, H,0, and AA, became weakly fluorescent, showing that Cu*" ion had a certain
catalytic activity for the reaction of H,O, and AA. However, upon the simultaneous
addition of AA and H;0,, the luminescence intensity of la at 615 nm was
immediately enhanced up to 13-fold, which indicates that 1a had significant catalytic
activity to produce a large amount of oxidized AA. Obviously, the catalysis of 1a is
much better than that of Cu®" ion, probably attributed to ligand environment and high
porosity. To confirm the process of the reaction of AA and H,O,, we tested UV—
visible spectra (Figure S15, Supporting Information). It is clear that the absorption
peak of AA at 263 nm disappeared in the presence of H,O, and 1a, indicating the
production of diketohexanoic acid (DA), which could be bond with Eu’" ions and
further result absence of UV-Vis absorption at 263 nm. In order to analyze the
catalytic mechanism of 1a, we also studied the fluorescence responses of p-phthalic
acid (PTA) in the presence of H,0, and 1a (Figure S16, Supporting Information).” As
a highly selective fluorescent probe for -OH, PTA itself is non-fluorescence, but it
could be combined with ‘OH easily to produce 2-hydroxyterephthalic acid with
highly fluorescent. The fluorescence of PTA was turned on upon the introduction of
H,0, and 1a and gradually enhanced with increased concentrations of H,O,. These
results indicate that H;O, can be decomposed into -OH in presence of 1a, exhibiting
high peroxidase-like catalytic ability, and the generated -OH can react with AA to
convert it into DA (Equation 1 and 2).
H,0, —20% 5.0H (1)
AA(C¢HsOg) + 2:OH — DA(C¢HeOs) + 2H,O )
The PXRD patterns and SEM images of AA/H,0;-treated 1a confirmed the stability

9
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(Figure S6e and S6f, Supporting Information).

Catalytic activity of 1a as a peroxidase mimic was further investigated by the mean
of steady-state kinetic experiment. As shown in Figure 3, it is obvious that Michaelis—
Menten equation can be applied to the decomposition reaction catalyzed by 1a, and
Kin and Ve value can be directly calculated from Lineweaver—Burk plot. By
definition, the smaller K, value represents the stronger affinity of the enzyme to
substrate. Consequently, the K, value for 1a to the catalytic reaction was determined
as 3.0 mM, which is lower than that for the most-used horseradish peroxidase (HRP)
(3.7 mM), suggesting that 1a has a stronger affinity and the requirement of 1a for
the concentration of H,O, is lower when reached the maximum activity (Table S6,

Supporting Information).
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Figure 3. Steady-state kinetic assays of the 1a, (a) Relationship between reaction rate and the
concentration of H,O, for the decomposition reaction catalyzed by 1a, (b) Corresponding
Lineweaver—Burk plot

Ascorbic acid (AA) sensing

Since the fluorescence intensity of 1a is highly dependent on oxidized AA (DA),
the method could be used as turn-on probe to quantitatively determine AA
concentration in the presence of H,0O,. Time-dependent luminescent spectra of
AA/H;0,-treated 1a revealed that the reaction of AA and H,O; could be completed
with 3 minutes (Figure S17, Supporting Information). The fluorescence responses of
1a were further investigated with different concentrations of AA in the presence of
H,0, (Figure 4). Upon the gradual addition of AA, the fluorescence intensity of 1a at

615 nm increased significantly with the concentration ranging from 10 pM to 400 pM,
10
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whereas when the concentration exceeded 600 uM, there was only a slight increase.
The linear relationship between Iy;5/1365-1 and AA concentration (10—400 pM)
(R*=0.9972) indicated that 1a can be used to quantitative detection of AA in the
presence of H,O,. The detection limit for AA was calculated to 55 nM (Table S3,
Supporting Information), which is similar to that of other probe based on fluorescent

materials (Table S7, Supporting Information).'> 2! 47
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Figure 4. Concentration dependence and fluorescence spectra of la with the increasing
concentrations (0-2000 uM) of AA in the presence of HO, (5 mM) with A, = 315 nm. Inset:
Color photograph of 1a in the presence of AA and H,O, under 365 nm UV lamp

Selective detection between hydrogen sulfide (H,S) and ascorbic acid (AA)

As an excellent biosensor, high selectivity is also quite crucial. To verify the
selectivity of 1a, fluorescence responses of 1a toward 24 analytes were tested (Na',
K, Ca*', Zn*", Fe*', I, Br, CI', F, CH;COO , HCOO , NO;~, NO, , SO;*, SO,
S,05%7, HCO;3, COs*, HPO4*, PO,>", GSH, Hcy, Cys and H,S,), which are related
with the environment and organisms, in bio-mimic environment. Similar fluorescence
responses of 1a toward H,S or H,S; were observed under the same conditions (Figure
S18, Supporting Information), indicating that the proposed probe la cannot
distinguish between H,S and H,S,. But considering H,S is a much more stable species
than H,S, and the endogenous H,S concentration may be much higher than H,S, in
biological systems,'® we adjusted the concentration of H,S, to 0.1 mM for selective
experiment. As shown in Figure 5, the fluorescent sensor of la show almost

negligible fluorescence to relevant analytes in the absence or presence of H,O,.

11
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S,05*" and the thiol-containing analytes (GSH, Hcy and Cys) had some effect on the
fluorescence intensity of 1a in the absence of H,O, but showed no bearing on H,S
detection. More importantly, the addition of H,S induced major increase of
fluorescence intensity in the absence of H,O, and restored to original state after the
introduction of H,O, (Figure 5b). Besides, the non-fluorescent AA was oxidized to
generate DA to efficiently sensitize 1a to emit strong fluorescence. These indicated
that 1a can act as a highly selective fluorescent probe for distinguishing between H,S

and AA via the introduction of H,O,.
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Figure 5. Fluorescence responses of 1a toward the relevant species (Aex = 315 nm) (Free(1),
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AA(2), H,S(3), H,S5(4) Cys(5), Hey(6), GSH(7), PO, (8), HPO,* (9), CO5*(10), HCO; (11),
$,05°°(12), SO, (13), SO;* (14), NO5(15), NO, (16), CH;COO (17), HCOO(18), 1(19),
Br (20), CI'(21), F (22), Fe*"(23), Zn*'(24), Ca*"(25), K'(26) and Na'(27)) in the (a) absence or
(b) presence of H,O,. Inset: Fluorescence spectra of 1a towards relevant analytes in the absence or
presence of H,O, (The concentration of every analytes is 1 mM while H,S, is 0.1 mM).

In general, there are a variety of chemicals in the human body, so it is necessary to
explore whether the proposed sensor can differentiate the target molecule efficiently
from other coexisting biological components. For this reason, the competition
experiments were also conducted to further investigate the selective ability by
checking the fluorescence responses of 1a toward H,S or AA in the background of
other species. As shown in Figure 6, the dramatically increase of emission intensity at
615 nm induced by H,S or AA/H;0, is not affected by other coexisting competitive
analytes (Figure S19, Supporting Information), indicating the excellent selectivity and
high anti-interference ability of 1a. Furthermore, cyclic performance of 1a is also
investigated. As depicted in Figure S20 (Supporting Information), the fluorescence
intensity of 1a suggested that the addition of H,O, succeeded in realizing the selective
detection of AA and H,S. 1a still maintains the detection activity of H,S after several
cycles. As a result, the probe 1a could be used to selective and efficient detection of

H,S and AA, even in the participation of various competitive analytes.

13
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Figure 6. Fluorescence responses of 1a toward H,S or AA/H,0, in the existence of other various
competitive analytes (Aex = 315 nm). (H,S»(1) Cys(2), Hey(3), GSH(4), PO, (5), HPO,* (6),
COs*(7), HCO5 (8), $,05°(9), SO, (10), SO;*(11), NO;(12), NO, (13), CH;COO (14),
HCOO (15), I (16), Br (17), CI(18), F(19), Fe*"(20), Zn>"(21), Ca*"(22), K'(23) and Na'(24))
(The concentration of every analytes is 1 mM while H,S, is 0.1 mM).

Detection of hydrogen sulfide (H,S) and ascorbic acid (AA) in a wide range

The aforementioned analysis showed that 1a has excellent detection ability toward
single component (H,S or AA). Then, we introduced the second analyte into the
recognition system and explored the molecular recognition ability when H,S and AA
simultaneous existed by fluorescence titration experiment of H,O, (Figure 7 and
Figure S21-24, Supporting Information). First of all, the emission of 1a was attributed
to itself and H,S-treatment before the addition of H,O,. As shown in Figure 7a, upon
the gradual addition of H,O,, the fluorescence intensity dramatically increased with
the concentration of H,0O, ranging from 0 to 400 puM. Continuing to increase the
amount of H,O,, the fluorescence intensity tended to decrease until 1000 uM; then
remained unchanged. According to the reduction strength of the two analytes (AA >
H,S), the specific process may be identified as follows: AA was first oxidized into DA

to sensitize Eu’" ions with the addition of H,O,; Then the remaining H,S was
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oxidized to generated sulfur, which has no influence on the fluorescence emission
spectra of 1a (Equation 3).

H,S + 2:-OH — S| + 2H,0 3)
To further demonstrate the process of the reaction of H,O,, AA and H,S catalyzed by
1a, UV-Vis spectra of 1a, H,S and AA with different concentrations of H,O, were
studied. It is obvious that the absorption peak of AA at 263 nm was gradually
weakened and disappeared finally with the addition of H,O,, which proved that H,O,
reacted firstly with AA in solution (Figure S25, Supporting Information). It is also

consistent with the slope of the fitted line, showing high switching ratio.
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Figure 7. Fluorescence responses of 1a toward the addition of H,O, in the presence of (a) AA
(400 uM) and H,S (600 uM); (b) AA (1000 uM) and H,S (600 uM); (c) AA (400 uM) and H,S
(1200 uM); (d) AA (1000 uM) and H,S (1200 uM)

More importantly, we also studied the fluorescence responses of la toward
different concentrations of AA and H,S, one (or all) of which beyond the detection
range. It is worth noting that AA (or H,S) can be detected quantitatively in a wide
range when the concentration of H,S (or AA) is within the detection range (Figure 7b
and 7¢), which is rarely reported in the literature. However, when the concentration of

H,S and AA exceed the detection range, only the total concentrations of H,S and AA
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can be obtained (Figure 7d). Similar to the acid-base titration experiment, AA or/and
H,S as substrates as well as 1a as fluorescent indicator, H,O, was added dropwise to
oxidize AA or/and H,S in turn to realize simultancous, selective and quantitative
detection in a wide range.
Detection of hydrogen sulfide (H,S) and ascorbic acid (AA) in real samples

To assess the detection efficiency of the newly designed probe in practical
application, the detection of H,S and AA in real samples were explored. Two human
serum samples were collected and spiked with different concentrations of H,S or AA
for the detection. As shown in Table 1, all H,S or AA measured by the newly designed
sensor are very close to the total amount of background and spiked H,S or AA,
resulting in satisfying recoveries of 94.7%—-104.1%. The calculated relative standard
deviation (RSD) was less than 4% based on the five repeated measurements of human
serum sample. The satisfactory recovery rate and RSD effectively proved that this
method is accurate and reliable in quantitative detection of H,S or AA in human
serum.

Table 1 Determination of H,S or AA in real human serum samples by standard addition method.

Concentration of H,S (uM)

Samples RSD® (n=5,%) Recovery (%)
Background Spiked  Found® (Mean+SD)
10 18.50+0.32 1.73 97.8
Human serum-1  8.91
20 27.79+0.92 3.31 95.8
10 25.25+0.59 233 102.1
Human serum-2  14.72
20 36.14 £1.25 3.46 104.1
Concentration of AA (UM) b)
Samples RSD™ (n=5, %) Recovery (%)
Background Spiked  Found® (Mean+SD)
20 39.04 +£0.83 2.13 94.7
Human serum-1  21.22
40 58.47+1.40 2.39 95.5
20 48.96 +1.86 3.80 97.6
Human serum-2  30.16
40 71.05+£2.22 3.12 101.3

% All concentrations were expressed as mean of five measurements + standard deviation (SD)
® The relative standard deviation (RSD) was defined as (SD/mean)x100%.

Molecular logic operation

Inspired by the above observations regarding the fluorescence responses of la
toward different analytes (H,S, AA and H,0;), we have experimentally constructed a
fluorescence logic system which can perform multiplexed analysis of different
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analytes in solution.”'™ In the logic operation, 1a served as gate, while different
analytes (H,O,, AA and H,S) and fluorescence intensity ratio (/5;5/1365) were
designated as chemical inputs and output, respectively.* An input is “on” (i.e., 1)
when the analyte was injected, and it is “off” (i.e., 0) when the analyte was not
injected. Further, the output was set as 0 (lower) or 1 (higher) by comparison with the
prescribed threshold value (Is;5/365: 8.0). Subsequently, a parallel logic circuit
composed of an AND gate and an INH gate was achieved (Figure 8 and Figure S26,
Supporting Information). The first AND gate was constructed by employing H,O, and
AA as double inputs since the fluorescence response of AA relies on the injection of
H,0,. On the other hand, the addition of H,S to 1a triggers self-assembly between
H,S and 1a, showing a clear-cut and significant red fluorescence. But the reductive
H,S could be oxidized by the second input H,0O,, showing no influence on the
fluorescence of 1a. Therefore, a binary INH logic operation which has turn-on output
only in the presence of one particular input could be constructed by employing H,O,
and H,S as double inputs. In other words, the open of the INH gate relies on the
introduction of H,S. There are and only the injection of H,S can set off turn-on
response. Based on the above observations, we have further achieved an
combinatorial gate “AND(INH)-OR by combining the AND gate with the INH gate
in parallel. The outputs of the AND gate and INH gate were defined as the inputs of
the next OR gate. The expected activity of the integrative logic operation
“AND(INH)-OR” was confirmed by fluorescence measurements (Figure 8d), accord

with the truth table for the logic operation.
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Figure 8. (2) Operational design of the AND(INH)-OR gate, using H,O, (2 mM), AA (1 mM) and
H,S (1 mM) as the three inputs and /4;5/7355 as the output; (b) Truth table of the AND(INH)-OR
gate; (c) Electronic equivalent circuitry of the AND(INH)-OR gate; (d) Column diagram of the
fluorescence intensity ratio in different states: the red dashed line shows the threshold
(s15/1365:8.0).

B CONCLUSION

In summary, we have successfully reported a novel bimetallic biosensor
[EuCu(pydc)z(0x)os(H20)3-1.5H,0]2, (1), which provides abundant active sites for
highly sensitive detection of AA or H,S in bio-mimic environment. The excellent
hydrolytic stability, recyclability and fluorescence “‘turn-on” sensing mechanism
make it particularly suitable for application in real samples. More importantly,
selective and quantitative detection of AA and H,S in a wide range (H,S: [130 nM,
+0); AA: [55 nM, +o)) was realized through the introduction of H,O,. To the best of
our knowledge, it is the first attempt to directly apply MOFs as a biosensor for the
simultaneous detection of H,S and AA in a wide range, showing high switching ratio.

At the same time, 1a is also found to exhibit excellent peroxidase-like activity and
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follow Michaelis—Menten behavior with a lower Michaelis—Menten constant (K, =
3.0 mM) than horseradish peroxidase (HRP) (K;, = 3.7 mM). Notably, inspired by the
fluorescence properties of la toward different analytes (H,S, AA and H,0,), an
multilayered gate cascade (AND(INH)-OR) has been achieved to expand the
application of 1a in biological systems. Last but not least, the activated 1a may help
analyze the elusive mechanisms of some biological processes, which far surpass the

concept of sensing itself.
B EXPERIMENTAL SECTION

Synthesis of [EuCu(pydc);(0x)9.5(H20)3:1.5H;0]2, (1)

The mixture of Eu(NO;);-6H,0 (0.1 mmol, 44.6 mg), Cu(NO3),-:3H,0 (0.1 mmol,
24.1 mg), Hypyde (0.2 mmol, 52 mg), and Na,C,04 (0.1 mmol, 13.6 mg) in 10 mL
mixed solvent (CH3CN: H,0, 1:1) was placed in a Teflon-lined autoclave (25 mL).
Then the final mixture was heated at 120 °C for 3 days. After the autoclave was
cooled to room temperature at 10 °C-h™", blue crystal suitable for single crystal X-ray
crystallographic analysis was obtained. The mother liquor was decanted, and the
crystal was rinsed three times with methanol (10 mL x 3) and dried in air for 2 h.
Yield: = 61 %; FT-IR (KBr pellet, cm™") (Figure S27, Supporting Information) for 1:
3205 (br, m), 3081 (s), 1656 (s), 1625 (s), 1365 (s), 1272 (s), 1160 (s), 1118 (s), 875
(w), 838 (m), 727 (m), 696 (m), 615 (w), 539 (w), 503 (w), 440 (w). Elemental
analysis calculated (%) for CsoH;sCu;Eu;NaOgo: C 27.07, H 1.35, N 4.21; found: C
27.21,H 1.46, N 4.05.

Activation of as-synthesized 1

The fresh sample of 1 was added in 10 mL methanol for solvent exchanged for 12 h.
This procedure was repeated three times. Then, the sample was dried under high
vacuum at 180 °C for 10 h, obtaining anhydrous activated sample 1a.

Detection of hydrogen sulfide (H,S) and ascorbic acid (AA)

For the experiment of sensing H,S and AA, powder sample of 1a (3 mg) was added

into HEPES buffer (3 mL) (10 mM, pH = 7.4) of AA/H,0, (2 mM/5 mM) and H,S (2

mM), respectively. The mixtures were subsequently shaken to form suspension for
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fluorescent measurement with the excitation at 315 nm.
Enzyme-kinetics analysis of 1a

Steady-state kinetic assay was performed at room temperature. The peroxidase-like
activity of 1a was investigated by adding 1a (3 mg) into HEPES buffer (10 mM, pH =
7.4) with AA (1 mM), and the total reaction volume is 3 mL. Then different
concentrations of H;O, (1 mM, 2 mM, 3 mM, 4 mM, 5 mM, 6 mM, 7 mM, 8§ mM, 9
mM and 10 mM) were added, and the emission spectra was recorded with the
excitation at 315 nm. According to the linear relationship of the fluorescence intensity
and the concentration of reactant, K,, and Vy.x were calculated based on the
Michaelis-Menten equation (4):

V= Vinax X [SY(KnH[S]) 4
Where V is the initial velocity, V. is the maximal reaction velocity, [S] is the
concentration of substrate and K, is the Michaelis constant.
Selective detection of hydrogen sulfide (H,S) and ascorbic acid (AA)

The solutions of various testing species were prepared from AA, H,S, H,S,, Hey,
Cys, GSH, PO,", HPO,, COs*, HCOs, $,05, SO, SO5*, NO;, NO,,
CH;COO, HCOO', I, Br, CI, F, Fe*', Zn*", Ca’", K" and Na' in HEPES buffer
(10 mM, pH = 7.4) with the total volume of 3 mL (the concentration of every analytes
is 1 mM while H,S; is 0.1 mM). Then fresh powder sample of 1a (3 mg) was added.
These mixtures were mixed well and then shaken to form suspension for the first
fluorescent measurement. After that, 5 mM H,0O, was added and the mixtures were
shaken for 5 min for the second fluorescent measurement.

Collections and pretreatments of real sample
Fresh human serum samples were acquired by centrifugation at 5000 rpm for 10

min to remove the proteins and cellular debris from human whole blood samples

which were collected from healthy young volunteers treated in the local hospital. Note:

0.2 mM dimethylthiourea (a well-known H,O, scavenger) was added to each serum

sample before H,S detection.
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? X-ray crystallographic files (CIF), Structural Information for MOF 1, IR spectra,
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