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Abstract: Selective detection of H,S in the cellular systems
using fluorescent CPs/MOFs is of great scientific interest due
to their outstanding aqueous stability, biocompatibility and
real-time detection ability. Fabrication of such materials using
complete biologically essential elements and applying them
as an efficient biosensor is still quite challenging. In this
context, two newly synthesized CPs containing biologically
essential metal ion (Zn) and nitro/azido functional groups
into the framework to sense extracellular and intracellular H,S

by reducing into respective amines are presented. The CP-1
containing the azide group acted as an efficient fluorescent
turn-on probe with the lowest detection limit (7.2 uM) and
shortest response time (30s) among the Zn-based probes
reported till date. Moreover, CP-1 exhibited green lumines-
cence in live cells after imaging a very low concentration of
H,S, whereas the nitro analogue CP-2 could not detect the
target analyte due to its framework disruption.

/

Introduction

Hydrogen sulfide (H,S), highly toxic gas with a distinct rotten
egg smell, has attracted great attention for its signalling role
in biological systems and pathological processes.! The major
source of this gas is chemical and pharmaceutical industries,
including petroleum refining and natural gas production.
Besides that, our body also acts as a minor source through
decomposing the sulfur-containing organic compounds.”
Thus, in biological medium, concentration of H,S gas at
nanomolar to micromolar level is satisfactory, but higher
concentration results in unconsciousness, critical poisoning,
swift apnea, inactivation of the olfactory system (30-40 ppm
H,S), and even death (>250 ppm H,S).” Several diseases like
Alzheimer’s, Parkinson’s, diabetics, Down’s syndrome, cancer
are also related to the cause of the abnormal level of H,5.*
Therefore, the fast identification and quantification of H,S are
necessary with high sensitivity and simplicity. Keeping this in
mind, the fluorescence-based sensing method has gained
significant scientific interest over the other traditional
detection methods such as colorimetry, electrochemical
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analysis, gas chromatography and sulfide precipitation.”’ An
ideal fluorescent probe must work in ‘turn-on’ manner with
high signal-to-noise ratio and high selectivity. For selective
detection of hydrogen sulfide, few mechanisms have been
reported so far, such as reduction of azide/nitro groups into
amines, cleavage of double bonds via nucleophilic addition,
removal of Cu®’' ions as CuS and coordinative based
approach. Highly conjugated organic molecules containing
azide/nitro/C=C functional groups have been shown as H,S
sensors based on their reactivity with sulphide ions.” Further,
many transition metal complexes were also shown as an
advanced H,S sensors by reversible binding of sulphide ions
with the metal site.”” In recent years, metal-organic frame-
works (MOFs) or coordination polymers (CPs) have been
widely used for quantitative detection of various analytes
due to their chemical stability, adjustable porosity and
possibility for post-synthetic modification (PSM).®’ Tailoring
the electronic properties of the coordinating ligands and
applying PSM, numerous MOF-based fluorescent sensors for
selective H,S detection have been documented to date
(Table 54).”’ Several of these studies, about 80%, deal with
highly toxic (Pb, Cd and lanthanides) and non-essential metal
ions (Al and Zr), limiting their applicability for in-vivo
bioimaging (Figure 1)."% The rest of the 20% MOFs are with
essential metal ions, like Zn, Cu and Fe, but their lower
detection limits are not up to those of other elements.
Therefore, it is important to design and synthesize MOFs,
containing essential metal ions to serve as fluorescent ‘turn-
on’ probes with lower detection limits.

Recently, we have reported a series of CPs containing bis-
pyridyl amide functionalities and their potential application
in sensing, selective guest inclusion, proton conductivity and
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Figure 1. Statistical representation of MOFs/CPs containing various metal
ions studied for H,S sensing.

dye removal."" The advantage of choosing bis-pyridyl ligands
containing the amide and aromatic and/or aliphatic spacers
is to fulfill the coordination requirement of central metal ions
and strong hydrogen bonding interaction from the amide
groups. On the other hand, polycarboxylic acids with multiple
coordination modes as O-donor ligands are outstanding co-
ligands in the construction of CPs.'” Herein, we wish to
present two new Zn(ll) CPs containing flexible bis-pyridyl-bis-
amide ligand, N,N’-bis(4-methylenepyridine-4-yl)-1,4-benze-
nedicarboxamide (4-bmpbd), and nitro/azido substituted
isophthalates as co-ligands (Scheme 1). The Zn(ll) CPs, CP-1
and CP-2, are aimed at effective detection of H,S by reducing
the nitro and azido groups into amines. Although CP-1 and
CP-2 are isostructural, they were found to exhibit distinguish-
able photoluminescence properties in dispersed phase. CP-1
shows rapid and selective turn-on response towards H,S,
while CP-2 fails in terms of sensitivity and selectivity in the
presence of other potentially competing biomolecules. The
capability of CP-1 has also been tested through live-cell
imaging studies to detect intracellular H,S. As compared to
the previously reported Zn-MOF based fluorescent probes,
the detection limit of CP-1 is the lowest fluorescent turn-on
probe reported till date in aqueous medium.

o
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HOOC COOH

Scheme 1. Chemical structures of ligand and co-ligands.
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Results and Discussion

The CPs are synthesized by solvothermal reactions by taking
the equimolar amounts of 4-bmpbd, Zn(NO;), and correspond-
ing isophthalic acids, such as 5-azidoisophthalic acid (H,AIP)
and 5-nitroisophthalic acid (H,NIP). The single crystal X-ray
diffraction analyses reveal that the CP-1 and CP-2 have the
formulae  of  {[Zn(4-bmpbd)(AIP)]1.2H,0}, and {[Zn(4-
bmpbd)(NIP)].2H,0},, respectively. The crystal structure analyses
suggest that these two CPs are isostructural and contain 1D-
coordination network. CP-1 crystallized in triclinic P-7 space
group and the asymmetric unit is composed of one each of
Zn(ll) ion, 4-bmpbd and IPA unit and two uncoordinated water
molecules. The Zn(ll) centre was found to exhibit distorted
tetrahedral geometry, where two carboxylates and two 4-
bmpbd units were present at the four coordination sites
(Figure 2a). The bond lengths and bond angles are given in
Table S2. This type of coordination and angular nature of the
ligand resulted in the formation of M,L, macrocycle with the
dimension of 16.4x11.1 A? (Figure 2b). These macrocycles were
further interconnected by IPA units to form a tubular structure,
where the macrocycles were separated by a distance of 10.17 A.
Within the tube, two water molecules are hydrogen-bonded
(0-0: 2.923(10) A) to form a dimer and connects the amide
groups of macrocycles via N—H--O (N--O: 3.109(9) A, 152°) and
O—H--0 (0--0: 3.042(9) A) hydrogen bonds (Figure 2c). These
1D-tubular networks were further polycatenated to give a
remarkable two-dimensional layer (Figure 2d). The tubes were
interweaved in a parallel fashion via N—H--O hydrogen bonding
(N--O: 2.929(7) A, 155°) between the amide N—H and the
carboxylate of isophthalate. Through these interactions, each
tube was polycatenated by two neighbouring tubes to fill the
void space (Figure S1a). In addition, these polycatenated sheets
are further stacked on each other via weak face-to-face
aromatic interactions (centroid-centroid: 3.9 A) between the
central phenylene ring of ligands (Figure S1b). The crystal
structure of CP-2 is also found to have similar types of
interactions given its isostructurality with that of CP-1 (Fig-
ure S2). Detailed geometrical parameters of hydrogen bonds
have been given in Table S3.

As was mentioned previously, the azido and nitro groups
were placed in CPs to use as fluorescent probes for selective
H,S sensing. The reduction of -N; or -NO, groups of CPs to
electron-donating amino group is anticipated to turn on
fluorescence intensity. Therefore, the two CPs are explored for
H,S sensing by conducting fluorescence turn-on experiments in
the dispersed phase. Firstly, the stability of CPs was examined
by immersing them in water for four days and recording
powder X-ray diffraction (PXRD). No significant change in the
PXRD pattern was found, indicating their structural integrity
(Figure S3). For sensing experiments, a stock solution was
prepared by dispersing 0.5 mg (77 umol) finely ground powder
of CPs in 10 ml of water. These suspensions were excited at a
wavelength ()., of 300 nm (Figure S4b) and all the fluorescence
spectra were recorded in the range of 350-580 nm. The azido-
functionalized CP-1 exhibited weak fluorescence at 400 nm
with a shoulder band at 500 nm. The band at 400 nm can be
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Figure 2. lllustrations for the crystal structure of CP-1: (a) coordination
environment of Zn(ll); (b) 1D-tubular coordination network by formation of
M,L, macrocycles; (c) side view of 1D-tubular network by linking of
macrocycles by IPA units and linear water chains; (d) hydrogen bonding
between entangled tubular networks (side view).

attributed to ligand-based emission originated from m-mt*
transition (Figure S6a), whereas the red-shifted band at 500 nm
is due to the complexation of ligand with the metal ion."'® In
order to investigate the detection performance, aqueous
solution of Na,S was added as a source of H,S and monitored
the fluorescence intensity. Interestingly, such an addition was
found to result in an immediate enhancement of fluorescence
by 3-fold (Figure 3a, S5), which indicates the better utility of CP-
1 for the real-time intracellular H,S imaging compared to other
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reported probes, using reduction mechanism, till date.” The
quantitative fluorescence response was further investigated by
varying concentrations of Na,S (up to 10 equivalents/azide
group). The saturation in emission intensity was observed after
the addition of 6 equivalents of Na,S. Along with saturation, a
slight diminution in intensity at higher wavelength was also
observed (Figure 3b). Very high sulfide concentration was
eventually found to disrupt the polymeric network by coordi-
nating with the Zn-metal sites, which was confirmed by PXRD
analysis (Figure S10b)."™ As shown in Figure 3¢, an excellent
linear relationship (R*=0.9899) of the fluorescence intensity
(o) with sulfide concentration can be established in the
concentration range of 0—1 equivalent. From the linear curve,
the slope was calculated to be 41.3 with an intercept of 5873.
Using this slope value(S) and the standard deviation of blank
solution(d), the limit of detection (LOD=38/S, where 3 is the
factor of 99% confidence level) value of CP-1 toward sulfide
was calculated to be 7.2 uM. This detection limit is quite
impressive as MOF-based fluorescence turn-on sensor partic-
ularly with the essential element Zn(ll)."

For a chemosensor, selectivity is another important index
towards every target analyte. Thus, it is necessary to check the
selectivity of CP-1 for H,S over potentially interfering biomole-
cules (such as serine, glutathione, cysteine and alanine) and
some common reducing anions (such as NaNO,, NaNO,, NaCl,
NaBr and Nal). Five equivalents of each analyte per azide
functionality were tested individually and found that only
cysteine is a close competitor to the target analyte H,S among
all (Figure 3d). For efficient selectivity in a complicated bio-
logical medium, H,S needs to be detected even in the presence
of other potentially intrusive analytes. Therefore, after individual
inspection of each analyte, five equivalents of Na,S were added
to these solutions and found significant fluorescence turn-on
response even in the presence of interfering congeners. These
results demonstrate that CP-1 can recognize H,S very effectively
in complex biological systems avoiding off-target reactivity and
false response. Thus, in continuation of extracellular study in
100% aqueous medium, H,S detection in the biological
medium was further investigated in LN-18 glioblastoma cells.
Treating the cells with different concentrations of CP-1 (0-
100 uM) and observing in the bright field revealed no alteration
of cellular morphology as we deliberately chose essential
element Zn for our cellular studies (Figure 4a,c). When the cells
were incubated with only 10 uM of probe (CP-1) for 48 h no
fluorescence was observed, but only addition of 5 uM of Na,S
solution as an intracellular H,S generator the fluorescence was
observed in the green channel maintaining the intact morphol-
ogy (Figure 4b,d). The turn-on emission band at 500 nm might
be responsible for the respective fluorescence in cellular system
and it can be inferred that newly synthesized CP-1 is surely
accomplished for recognizing intracellular H,S.

To ensure the framework stability and conversion of azide
group into amines after sulfide detection, some experiments
were performed such as PXRD, FTIR and 'H NMR spectroscopic
analyses. The PXRD patterns of CP-1 before and after the H,S
sensing experiments are very similar, which excludes the
possibility of structural collapse after reducing the azide group
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Figure 3. Concentration-dependent fluorescence turn-on response of CP-1 upon addition of Na,S up to 1 equivalent; (b) further addition up to 10 equiv. of
Na,S; (c) concentration dependence fitting curve (0 to 1 equiv); (d) comparative fluorescence response of CP-1 towards different analytes (5 equiv).

(Figure S10a). The FTIR spectrum was recorded with similar sets
of material and observed a clear change in spectra after the
treatment. A sharp peak at 2101 cm™ corresponding to the
azide functionality disappeared in the Na,S-treated probe and a
broad peak appeared in the range of 2750-3650 cm™' due to
the formation of -NH, group (Figure S11). From the 'H NMR
analysis; the formation of amino isophthalic acid was also
confirmed with the appearance of a corresponding broad peak
for protonated amines (-NH,*) at 13.46 ppm (Figure S9). A slight
shift in the position of aromatic proton peaks (7-9 ppm) was
also observed for the sulfide treated CP-1, suggesting the
chemical modification in the polymeric framework. Here we
would like to note that these type of probes are not reusable,
although the network is intact but the azide groups are
converted to amines. Therefore, the efforts are made to convert
the amine to azide by treating with TMSN; and tBuONO in THF.
However, the CP-1 was found to disintegrate under the above
conditions. The nitro analogue, CP-2, was also expected to
exhibit a similar ability for H,S detection as it contains nitro
groups as an electron-withdrawing group instead of azido.
However, studies on CP-2 indicate no significant turn-on
emission with the addition of aqueous Na,S solution. Even the

Chem. Eur. J. 2022, 28, 202103830 (4 of 6)

addition of 100 equivalent of Na,S didn’t result in significant
enhancement of the emission intensity and exhibited very high
LOD value of 0.8 mM (Figure S7). The only emission band at
432 nm was too weak to detect H,S with high selectivity and
low quantity, which indicates that CP-2 is not an efficient H,S
detector. To find out the probable reason for such different
behaviour from CP-1, PXRD analysis was performed for CP-2
after treating with two equivalents of Na,S solution. The PXRD
pattern indicates a complete disruption of network (Figure S12).

Conclusion

Two new Zn" CPs have been synthesized with semi-rigid
dipyridyl ligand (4-bmpbd) and two rigid dicarboxylates under
solvothermal condition. Both CPs are isostructural with the
formation of 1D-tubuler channel through distorted tetrahedral
coordination network. Further polycatenation of these tubular
channels gives a 2D-layered structure, driven by the plethora of
N—H--O hydrogen bonding between the ligand and co-ligands.
Using these less toxic and water-stable materials, detection of
H,S in the micromolar level can be achieved by ‘turn-on’
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Bright-Field Fluorescence

Figure 4. Intracellular behaviour of CP-1 in LN-18 glioblastoma cells: bright
field image of probe-loaded cells before (a) and after (c) treating with Na,S
solution; fluorescence image of respective cells before (b) and after (d)
treating with Na,S solution.

mechanism in extracellular, as well as intracellular systems.
Among the existing Zn-based sensors, CP-1 is found to be the
most sensitive fluorescent ‘turn-on’ probe (LOD=7.2 pM)
towards H.S to date. The use of essential metal ions with simple
organic molecules is a better strategy for the development of
bio-compatible H,S sensors. Rapid enhancement of
fluorescence intensity caused due to the reduction of azide
group, whereas the nitro group of CP-2 remains unreactive
towards H,S. To realize the full potential of CP-based hetero-
genous H,S sensors, the designed CPs should have the
recyclability, which have not been reported to date, our group
is working in this direction.

Experimental Section

All the synthetic procedures, characterization spectra and exper-
imental plots are provided in the Supporting Information. Deposi-
tion Numbers 2115567 (for CP-1), 2115568 (for CP-2) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.
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