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Metal-organic frameworks (MOFs) are a burgeoning class of crystalline materials constructed from metal
cations/clusters and organic ligands with various potential applications. Thus, luminescent MOFs display
potential applications in smart sensing with excellent sensitivity, accuracy, anti-jamming, stability, and
selectivity. MOFs possess their intrinsic luminescent property from metal cations, organic ligands, and
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other luminescent species via ingenious design and post-modification. Luminescent MOFs can be used
as advanced detection materials for various antibiotics through their luminescent signal response, includ-
ing the emission intensity and location. Herein, for the first time, we intend to provide a comprehensive
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1. Introduction

There are nearly 260 antibiotics, belonging to 20 classes, that
have been synthesized and used in our life." They have multi-
farious chemical compositions and structures, including inter-
mediate metabolites and degradation products from parent
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overview on the state-of-the-art methods and challenges of antibiotic detection by luminescent MOFs.

compounds.” The global annual usage of antibiotics extends
over 100 000 tons, which are extensively used in both human
and veterinary drugs for the treatment of microbial and bac-
terial infections.>* Only a tiny number of the therapeutic
human and veterinary antibiotics can be absorbed and metab-
olized by the body. Thus, a massive amount of consumed anti-
biotics (50-90%) are excreted through urine and feces.”®
Subsequently, antibiotics and their metabolites enter the water
environment through various ways. The common water purifi-
cation process is almost invalid for removing antibiotics and
their metabolites. The residual antibiotics enable the continu-
ous selection of antibiotic-resistant bacteria with antibiotic-
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resistant genes.”® In general, bacteria have two kinds of resis-
tance towards antibiotics, including intrinsic and acquired re-
sistance. The intrinsic resistance occurs naturally in organ-
isms. Nevertheless, the acquired resistance is an evolution
from sensitive to resistant bacteria by virtue of the gene
mutation in DNA. Actually, the underlying mechanism of the
increasing drug resistance remains uncertain. The uncon-
trolled misuse of antibiotics all over the world causes anti-
biotics to become ineffective to patients with viral infections,
leading to more efforts in the development and synthesis of
novel and efficient antibiotics with huge expenditure. There
were more than 2.8 million cases and approximately 35 000
deaths in USA in 2019, which triggered the multidrug-resistant
bacteria and fungus.” In this context, some countries,
especially advanced nations, have developed and perfected the
relative antimicrobial stewardship regulations to optimize the
antibiotic use and reduce the inefficient consumption.
Antibiotics raise a host of thorny environmental and health
issues, because they can preserve their biological activation for
a long time to affect non-target living tissues and organs. It is
unfortunate that various antibiotics are found in agricultural,
sideline products, rivers, drinking water, and underground
water, which can infiltrate bionts by going up the food
chain.'® In light of the abovementioned issues, it is of essence
to seek a highly efficient approach for accurate detection of
antibiotics.

Multifarious techniques and materials have been developed
to detect target antibiotics in recent years, such as gas chro-
matograph-mass spectrometry,"* liquid chromatography-mass
spectrometry,'” luminescence,"® electrochemistry,'* and micel-
lar electrokinetic capillary chromatography.'® Thus, lumine-
scence detection has attracted a great deal of attention due to
the operator simplicity, low cost, quick response, preferable
reproducibility, and sensitivity.'®® To date, various types of
luminescence materials have been implemented in the detec-
tion of antibiotics.'> > In recent times, metal-organic frame-
works (MOFs) have been a vigorous manifestation of crystal-
line-extended materials constructed by the coordination
assembly of metal cations/clusters and organic ligands. MOFs
have a wealth of advantages with high surface area, molecular-
or atomic-level modulability, preferable designability, and
structural diversity, resulting in their potential applications in
gas sorption,>**®> chemical sensors,”>*” heterogeneous
catalysts,”®*  and  biomolecular ~ immobilization.***
Luminescent MOFs (LMOFs) are a major category of MOFs,
which are considered to be potential candidates as sensor
materials to detect multiple substances, including heavy
metals,** explosives,®® and toxicants.*® Compared with other
luminescence materials, LMOFs have numerous excellent
advantages, including multiple light sources, large Stokes
shift, high luminance, stability, and host-guest interaction.
The porous nature of LMOFs can enrich the guest analyte in
LMOFs by capturing the trace analyte to enhance the sensing
performance. Thanks to the special photophysical character-
istics of MOFs, the signal transduction in the luminescence
detection approach is mainly attributed to the photo-induced
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electron transition (PET) from n to = and from = to =%,
accorded with the constitutes and structures of LMOFs.>> Most
LMOFs are prepared by using conjugated aromatic organic
building ligands decorated with functional sites, so the multi-
tudinous n and p electrons in LMOFs favor the signal trans-
duction performance.*® Furthermore, the inorganic cations/
clusters in LMOFs remarkably play a positive role in the
luminescence property, mainly involving rare earth- and other
transition metal-inorganic nodes.>” Hence, the luminescence
property of LMOFs can be well designed and investigated
because of the hybrid nature. Also, the inherent pores of MOFs
are considered as host materials to trap functional advanced
substances (e.g., Ln**,*® carbon dots,>® and rhodamine B*’)
through host-guest chemistry to fabricate hybrid composites
with a variety of luminous sources. On the other hand, porous
LMOFs have the freely accessible space to facilitate the enrich-
ment of analytes in pores, which can increase the detection
effect by reason of the photophysical interaction between host
MOFs and guest analytes. The rational design and construc-
tion of these compositions in LMOFs can make the most of
their advantages to achieve superior detection performance.
Although a large number of reviews have summarized the
luminescence sensing applications of LMOFs,""™** there is still
no review in regards to the antibiotic detection by LMOFs.
Therefore, we focus on providing an overview of LMOFs as
luminescence sensors toward various antibiotics. Since 2016,
the first case was reported by Zr(v)-based LMOFs to realize the
highly efficient detection of antibiotics in water by lumine-
scence quenching.** To date, more and more LMOFs based on
multiple luminescent sources have been designed and syn-
thesized to detect antibiotics (Table 1). In this review, some
representative works have been highlighted and discussed in
detail, which are divided into five categories, as follows: (1)
LMOFs based on luminescent organic ligands; (2) LMOFs
based on luminescent metal nodes; (3) Ln(m)-doped or
adsorbed/linked lumophore-based LMOFs; (4) metal-organic
gel-based luminescence sensor, and (5) LMOF thin film-based
luminescence sensor. Eventually, we hope to provide a latest
roadmap in the luminescence detection of antibiotics by
LMOFs for the readers after reading this review.

2. LMOFs based on luminescent
organic ligands

Luminescence organic ligands play a significantly important
role in the construction of LMOFs, and have a noticeable effect
on the detection of targeted analytes. In particular, bridging
organic ligands with a rich n-electron aromatic nucleus are the
uppermost candidates to contribute the luminescence property
of LMOFs, including tetraphenyl ethylene-,** pyrene-,*® and
biphenyl-based ligands.?” In comparison with other ligands,
such conjugated organic ligands have the excellent property in
the absorption of light as excitation energy to induce the radia-
tive transition. In addition, n — n* and © — ©* electron tran-
sitions are thought to be the main cause of the luminescence

This journal is © the Partner Organisations 2020
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Table 1 Detection of antibiotics by LMOFs
MOF Luminescence source Analyte Media Ko M) LOD Ref.
BUT-12 Ligand NFZ Water 3.1x10° 58 ppb 44
BUT-13 Ligand NFZ Water 7.5 x10* 90 ppb
V-102 Ligand NFZ Water 6.38 x 10" 0.2 ppm 49
[(Zn40),(PDDA)6(H,0),]- 10DMF Ligand NFT DMF 1.16 x 10° — 51

Ligand NFZ DMF 6.08 x 10* —
[Cd4K4(TADA),(H,0),,]-6DMF Ligand MDZ DMF 1.16 x 10° — 52
[NH,(CH3),]4[Zn3(HBDPO),(SO,), Ligand NFZ DMF 4.5 x 10" — 53

Ligand NFT DMF 4.9 x 10" —
[Cd5(TDCPB)-2DMAc]-DMAc-4H,0 Ligand NFT DMF 1.05 x 10° — 54

Ligand NFZ DMF 7.46 x 10" —
[NaCd,(L)(BDC), 5]-9H,0 Ligand NFZ DMF 5.06 x 10" 162 ppb 55

Ligand NFT DMF 3.57 x 10* 274 ppb

Ligand FZD DMF 1.83 x 10* 494 ppb
[Cd,(L)(2,6-NDC),]- DMF-5H,0 Ligand NFZ DMF 1.04 x 10° 75 ppb 55

Ligand NFT DMF 7.19 x 10" 131 ppb

Ligand FZD DMF 6.38 x 10* 143 ppb
[Cd,(L)(BPDC),]-DMF-9H,0 Ligand NFZ DMF 1.33 x 10° 60 ppb 55

Ligand NFT DMF 6.93 x 10* 142 ppb

Ligand FZD DMF 5.4 x10* 170 ppb
Co(S-Hcna), Ligand NFT DMF 2.51 x 10" 313 ppb 56

Ligand NFZ DMF 2.25 x 10* 290 ppb

Ligand FZD DMF 2.88 x 10* 227 ppb
Cd,((18,2S)-Hcepba),(phen), Ligand NFT DMF 2.43 x 10" 353 ppb 56

Ligand NFZ DMF 2.21 x 10* 322 ppb

Ligand FZD DMF 1.55 x 10* 461 ppb

Ligand MDZ DMF 1.76 x 10* 350 ppb

Ligand DTZ DMF 2.17 x 10" 233 ppb
[Zn(L)]-CH;CN Ligand DTZ DMF 6.61 x 10° 1.35 ppm 57

Ligand SDZ DMF 7.18 x 10” 1892 ppm

Ligand NFZ DMF 2.41 x10° 0.62 ppm

Ligand NFT DMF 2.48 x 10° 0.78 ppm

Ligand FZD DMF 2.91 x 10° 6.87 ppm
[Zn(L)(phen)]-0.5DMF Ligand NFT DMF 1.27 x 10* 6.7 UM 58

Ligand NFZ DMF 1.45 x 10* 5.4 pM
[Zn,(L),(4,4"-bipy)]-4ADMF Ligand NFT DMF 1.30 x 10" 2.0 pM 58

Ligand NFZ DMF 1.14 x 10* 2.5 iM
[Cd,(L)(bpda),]-3DMF-H,0 Ligand NFZ DMF 3.1 x 10* 252 ppb 59

Ligand NFT DMF 2.20 x 10* 465 ppb

Ligand FZD DMF 1.08 x 10* 969 ppb
[Zn(TTPA)pim, 5]2H,0-NO; Ligand OFX DMF 4.61 x 10* — 60
[Zn,(BIP),(L)]-2H,0 Ligand NFT DMF 1.59 x 10* 37.5 M 61
[Zn,(TRZ),(DBTDC-0,)]- DMAc Ligand NFZ DMF 5.2 x 10* 0.404 pM 62

Ligand NFT DMF 1.8 x 10° 0.353 pM
[Cds(DBPT),(H,0),]-5H,0 Ligand ONZ Water 2.4 x 10" 5 pM 63

Ligand MDZ Water 2.0 x 10" 10 uM

Ligand DMZ Water 1.7 x 10" 10 uM

Ligand 2-M-5-MZ Water 1.1 x10* 10 pM
[Zn(ACA),]-CB[6]-[NH,(CH3),]-8H,0 Ligand PAL Water 5.74 x 10* 0.34 pM 64

Ligand BER Water 4.2 x10* 0.34 uM
[Na,CB[6](H,0);,]-2BPDS,-4H,0 Ligand LUX Water 6.47 x 10* 0.16 pM 65

Ligand GAT Water 9.1 x 10" 0.11 M
BUT-172 Ligand NOR Water 6.0 x 10" 0.18 pM 66

Ligand ENR Water 5.0 x 10" 0.22 M

Ligand CIP Water 5.07 x 10* 0.22 pM
Cd,4(L)4-H,O-EtOH Ligand NFT Water 1.9 x 10* 10.3 pM 67
Zn,(oba),(4,4"-bpy), Ligand MDZ Water 6.44 x 10° 0.81 mg L™" 68
[Cd,CI(L)(H,0)]-11H,0 Ligand NFZ Water 2.1 x10* 0.2 pM 69

Ligand NFT Water 1.5 x 10* 0.26 pM
Zn(oba),(bpy), Ligand SMZ Water 1.125 x 10* 1.02 M 70
[Me,NH,|[In(L)]-2.5NMF-4H,0 Ligand NFZ Water 3.35 x 10" 0.55 mM 71
[Mg,(APDA),(H,0);]-5DMA-5H,0 Ligand NFZ Water 9.0 x 10* 108 ppb 72

Ligand NFT Water 8.82 x 10" 126 ppb
[Zn,(Py,TTz),(BDC),]-2(DMF)-0.5(H,0) Ligand NFZ Water 1.73 x 10" 0.91 pM 73
[Cd,(Py,TTz),(BDC),]-2(DMF) Ligand NFZ Water 4.54 x 10* 0.85 pM
{[Zn;(j15-OH)(HL)L(H,0);]-H,0} Ligand SQX Water 3.7 x 10* 0.91 pM 74

Ligand STZ Water 2.2 x10* 0.85 uM
Na,(DCPB)-(H,0), Ligand NFZ Water 2.7 x 10" — 75
Zn,O(BCTPE); Ligand NFZ Water — 0.1 ppm 78

Ligand MDZ Water — 0.6 ppm
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MOF Luminescence source Analyte Media Ko (M) LOD Ref.
PCN-128Y Ligand TC Water 9.84 x 10° 30 nM 79
[Cd,(SO,)s(tppe),](2DMF-2H,0) Ligand FZD Water 7.4 x10* — 80

Ligand NFZ Water 1.74 x 10° —

Ligand oDZ Water 7.56 x 107 —
Cuyl,(EBT)s Cuyly TCH Water 3.8 x10% 4.8 ppm 84
Cu,I,(ETBT), Cuyly TCH Water 3.23 x 10° 4.15 pM 85
Eu,(2,3-oba);(phen), Eu MDZ Water 2.39 x 10* 2.75 pM 91
Eu(BTB)DMF Eu SMZ Water 4.598 x 10" 0.6554 M 92
[NaEu,(TATAB),(DMF);]-OH Eu oDz Water — 0.8 uM 93
[Eu(H,0)(BTCTB)]-2H,0 Eu NFZ Water 1.27 x 10* 0.67 uM 94

Eu NFT Water 2.1x10* 0.6 pM

Eu FZD Water 1.72 x 10* 0.51 uM
[EuCd, 5L,(H,0);]-2H,0 Eu RDZ Water 1.506 x 10* 1.859 uM 95
Eu,(TDC)3(CH3;0H),-(CH;0H) (A = 368 nm) Eu oDZ Water 1.28 x 10° 0.319 uM 9

Eu RDZ Water 1.17 x 10° 0.51 uM
Eu,(TDC);(CH;0H),-(CH;0H) (A, = 385 nm) Eu oDZ Water 1.97 x 10° 0.183 uM

Eu RDZ Water 2.12 x 10° 0.141 pM
(Tb(TATMA)(H,0)-2H,0) Tb NFT Water 3.35x 10" — 97

Tb NFZ Water 3x10* —
[TbZn;(L);(HCOO)(H,0),]-5H,0 Tb FZD Water 1.151 x 10° 49 ppb 98

Th NFZ Water 1.83 x 10° 39 ppb

Tb NFT Water 9.25 x 10° 52 ppb
[Th(TCPB)(DMF)]-dioxane-0.5H,0 (496 nm) Tb NFZ Water 3.7 x 10* 0.15 uM 99

Tb NFT Water 3.6 x 10* 0.071 uM
[Tb(TCPB)(DMF)]-dioxane-0.5H,0 (551 nm) Tb NFZ Water 3.1 x10* 0.13 pM

Tb NFT Water 2.4 x10* 0.18 M
[Th(TCPB)(DMF)]-dioxane-0.5H,0 (591 nm) Tb NFZ Water 3.7 x 10* 0.082 pM

Tb NFT Water 2.1 x10* 0.14 uM
[Th(TCPB)(DMF)]-dioxane-0.5H,0 (626 nm) Tb NFZ Water 3.1 x10* 0.055 uM

Tb NFT Water 1.7 x 10* 0.12 uM
TbL-2H,0 Tb NFT Water 5.26 x 10* 3.47 uM 100
[Th(TATAB)(H,0)]-2H,0 Tb DTZ Water 3.42 x 10" 0.0808 uM 101

Tb oDZ Water 1.62 x 10" 0.171 pM

Tb MDZ Water 2.23 x 10" 0.124 uM

Tb RDZ Water 5.25 x 10* 0.0527 pM
[Th(H,0)(BTCTB)]-2H,0 Tb MDZ Water 1.59 x 10* 2.4 uM 102

Tb DTZ Water 1.62 x 10* 2.9 uM
Dy(TCPB)(DMF); Dy and ligand NFZ Water — 0.0476 pM 103

Dy and ligand FZD Water — 0.0482 pM
(Habpy)o.5[(UO,)1.5(ipa).(H,0)] U THC Water 4.1 x 10" 0.82 ppm 107
[Zn(2,5-PDC)(H,0),]-H,0/Tb*" Tb CFX Water 1.1x10° 72 ppb 111
MOF-76(Euy 04Tbg o6) Tb and Eu MDZ Water 2.95 x 10* 18.3 ppb 112

Tb and Eu DTZ Water 2.46 x 10* 21.9 ppb

Ligand NFX Water 1.34 x 10° 4.03 ppb

Ligand CPFX Water 8.82 x 10° 612 ppt

Eu NFT Water 9.29 x 10° 58.1 ppb

Eu NFZ Water 2.35x 10" 23 ppb
RhB@ZIF-8 RhB NFZ Water 7.3 x10" 0.26 uM 113

RhB NFT Water 1.8 x 10" 0.47 M

RhB TC Water 8.6 x 10* 0.11 uM

RhB oTC Water 7.6 x 10* 0.14 uM
FSS@ZIF-8 FSS NFZ Water 8.0 x 10" 0.31 uM

FSS NFT Water 2.0 x 10* 0.35 uM

FSS TC Water 4.6 x 10* 0.17 M

FSS OTC Water 5.5 x 10" 0.16 uM
DEASM@Cd(cpon)-2H,0 Ligand and DEASM NFZ Water 6.09 x 10° 0.208 uM 114
HPTS@[Zn(TIPA)(NO; " ),(H,0)]-5H,0 HPTS NFZ Water 1.72 x 10* — 115

HPTS NFT Water 1.01 x 10* —

HPTS FZD Water 1.72 x 10" —
TMPyPE@bio-MOF-1 TMPyPE NFZ Water 4.48 x 10" 0.11 ppm 116

TMPyPE NFT Water 4.42 x 10" 0.134 ppm
RhB@)|Tb;(dcpept);(HCOO)]- DMF-15H,0 Ligand and RhB NFZ Water 5.98 x 10* 99 ppb 117

Ligand and RhB NFT Water 6.69 x 10* 107 ppb

Ligand and RhB CPFX Water 1.67 x 10" 716 ppb

Ligand and RhB NFX Water 5.71 x 10* 201 ppb
RhB-CDs@Cu,L(OH") Ligand and RhB-CDs NFZ Water 1.98 x 10* 65 ppb 118

Ligand and RhB-CDs NFT Water 2.09 x 10* 74 ppb

Ligand and RhB-CDs TC Water 4x10° 777 ppb

Ligand and RhB-CDs NFX Water 1.38 x 10* 44 ppb

Ligand and RhB-CDs CPFX Water 2.5 x 10" 25 ppb
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Table 1 (Contd.)
MOF Luminescence source Analyte Media Ko (M) LOD Ref.
MOG(Eu) xerogels Eu RDZ Water 2.9 x 10" 1.205 ppm 121
Eu oDZ Water 2.1 x10° 0.542 ppm
Eu MDZ Water 2.3 x10* 0.999 ppm
Eu DTZ Water 1.4 x10* 0.377 ppm
MOG(Tb) xerogel Tb SMZ Water 8.0 x 10" 0.086 ppm 122
Tb SDZ Water 4.1 x 10" 0.218 ppm
Hydrogel [Eu,(BPDC)(BDC),(H,0),], Eu PCL Water 6.352 x 10° 7.65 uM 123
Eu PCL Serum 6.726 x 10° 8.74 uM
[Eu,(BCA);(H,0)(DMF);]-0.5DMF-H,0 film Eu NFZ Water 2.2 x 10* 0.21 uM 124
Eu NFT Water 1.6 x 10* 0.16 M
Tb(HL)L(H,O0) test strips Tb OTC Water 2.18 x 10* 1.95 nM 125
Tb TC Water 1.39 x 10* 2.77 nM
[Tb,(AIP),(H,0)10]-(AIP)-4H,O0 MMMs Tb NFZ Water 2.8 x 10* 0.35 uM 127
Tb NFT Water 4 x10* 0.3 nM
Eu,(TDC);(CH;0H),-(CH;0H) MMM Eu MDZ Water 2.81 x 10* 0.34 M 128
Eu DTZ Water 2.61 x 10" 0.51 pM
[Tb(HIP)(H,0)s]-(H,0)-(HIP), ; PMMA Tb MDT Water 5.25 x 10* 0.21 uM 129

Antibiotics are abbreviated as: NFZ = nitrofurazone; THI = thiamphenicol; MDZ = metronidazole; FZD = furazolidone; DTZ = dinitrazole; SDZ =
sulfadiazine; NFT = nitrofurantoin; OFX = ofloxacin; ONZ = ornidazole; DMZ = dimetridazole; 2-M-5-MZ = 2-methyl-5-nitroimidazole; PAL =
palmatine; BER = berberine; LUX = levofloxacin, GAT = gatifloxacin; OFX = ofloxacin; NOR = norfloxacin; ENR = enrofloxacin; CIP = ciprofloxacin;
SMZ = sulfametahazine; SQX = sulfaquinoxaline; STZ = sulfathiazole; TC = tetracycline; ODZ = ornidazole; TCH = tetracycline hydrochloride; RDZ
= ronidazole; MDT = macrodantin; CFX = cefixime; CPFX = ciprofloxacin; NFX = norfloxacin; OTC = oxytetracycline; PCL = penicillamine.

phenomenon, indicating the significant role of these organic
ligands in LMOFs. Meanwhile, functional groups in organic
ligands not only change the electron transitions, but also
affect the luminescence emission.

Notably, metal ions/clusters as connect nodes for organic
ligands are able to participate in the luminescence emission
via altering charge transitions. The commonly used metal
cations in LMOFs based on luminescent organic ligands are
mainly focused on unsaturated d-orbitals (e.g., Hf** and Zr*")
or fully filled d-electron orbitals (e.g:, Zn*" and Cd**). There
are some interactions in LMOFs to affect the luminescence
property, such as ligand-to-metal charge transfer (LMCT),
metal-to-ligand charge transfer (MLCT), and inter-ligand
charge transfer (ILCT).*®

2.1. Electronic-rich conjugated organic ligand-based LMOFs

So far, the most common kind of LMOFs has been successfully
constructed by using various electronic-rich conjugated
organic ligands. This is because they have strong luminescence
signals by themselves. When such ligands are coordinated
with transition metals, especially the outer saturated d-orbital,
the resultant LMOFs emit the luminescence emission originat-
ing from the electronic-rich conjugated organic ligands. In
general, Co(u), Ni(u), and Fe(i)/Fe(m) are not suitable to be
employed as metal centres to assemble with these lumine-
scence ligands to generate LMOFs. This is because these metal
cations have obvious electron deficient orbitals and distinct
colours to cause the luminescence disappearance in MOFs.
Recently, some LMOFs based on electronic-rich conjugated
luminescence ligands have been reported and implemented as
probes for antibiotic detection (Table 1).**49%*

In 2016, B. Wang and co-authors reported the first case of
LMOF in the detection and removal of antibiotics in water.**
Two predesigned electronic-rich conjugated ligands with

This journal is © the Partner Organisations 2020

luminescence property, namely 5-(4-carboxyphenyl)-2',4',6"-tri-
methyl-[1,1":3',1"-terphenyl]-4,4"-dicarboxylic acid (H;CTTA)
and 6,6',6"-(2,4,6-trimethylbenzene-1,3,5-triyl)tris(2-naphthoic
acid) (HsTTNA), were synthesized and further reacted with
ZrCl, to form two isostructural luminescent Zr-MOFs based on
the classical Zrg cluster (denoted as BUT-12 and BUT-13)
(Fig. 1a). Both porous three-dimensional (3D) LMOFs have lots
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Fig. 1 (a) Crystal structures of BUT-12 based on H3CTTA and BUT-13
based on H3zTTNA. Emission spectra of (b, c) BUT-12 and (d, e) BUT-13
upon incremental addition of NFZ and THI. Reproduced from ref. 44
with permission from American Chemical Society.
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of porosity with a Brunauer-Emmett-Teller (BET) surface area
of 3387 and 3948 m* g~'. Meanwhile, they showed high stabi-
lity in water, NaOH aqueous solution (pH = 10), HCl aqueous
solutions of 2 M, 6 M, and concentrated HCI, respectively.
According to the excellent stability, porosity, and strong
luminescence emission, they possessed outstanding absorp-
tion and detection performance of antibiotics in water. In this
work, twelve familiar antibiotics of five classes as analytes were
selected to estimate the detectability of both LMOFs toward
these antibiotics. The luminescence spectra of LMOFs were
derived from free ligands. For the sake of exploring the detec-
tion ability, the luminescence signal was collected in the anti-
biotic aqueous solution. An obvious luminescence quenching
phenomena happened after immersion in the NFZ aqueous
solution, but only a small decrease was observed in THI. As
found in Fig. 1b-e, the emission intensities of BUT-12 and
BUT-13 dispersed in water were gradually quenched with the
incremental amounts of NFZ, and demonstrated small
changes in THI aqueous solution. According to the Stern-
Volmer equation, the quenching constant (Ky,) values of
BUT-12 and BUT-13 were calculated as 3.1 x 10° and 7.5 x 10*
M~ for NFZ with the limit of detection (LOD) of 58 and 90
ppb, respectively. The luminescence quenching mechanism is
not only attributed to PET, but also resonance energy transfer.
However, it should be noted that the selectivity of both LMOFs
still needs to be improved to realize practical applications.
More attention should be focused on the design and synthesis
of LMOFs with high specific selectivity by means of modified
ligands, different pore sizes, or tunable metal clusters.

It is known that MOFs are long-range ordered crystalline
materials and possess precise skeleton structures, which can
be analysed well by a single crystal diffractometer. Meanwhile,
both composition and structure can be subtly controlled and
designed for enhancing the desired performance. Hence, it is
of great significance in the exploration of the structure-func-
tion relationship between LMOFs and their sensing perform-
ance. Such research studies will be beneficial to the follow-up
work to design more efficient LMOFs in the detection of tar-
geted antibiotics. Nevertheless, most research studies are
focused on the synthesis of unreported LMOFs and investi-
gation of their sensing behaviours. To date, only few studies
have focused on enhancing the sensing ability by adjusting the
structures of LMOFs, including the functional group and
interpenetration.**>°

In 2018, Hou et al. reported two In-based LMOFs as interpe-
netration-dependent probes for sensing NFZ in water, which is
the only example to investigate the skeleton interpenetration-
dependent sensing performance toward the antibiotic NFZ.*°
As displayed in Fig. 2a, a conjugated organic ligand, 5-(2,6-bis
(4-carboxyphenyl) pyridin-4-yl) isophthalic acid (H,BCP), was
synthesized and reacted with In(NO3); to generate two entirely
different structures by rationally regulating the reaction sol-
vents. A 3D anionic framework, namely V101, was generated in
N,N-dimethylformamide (DMF), which is a 2-fold interpenetra-
tion framework with (4,4)-connected sgc-type topology. On the
other hand, another novel robust non-interpenetration struc-
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Fig. 2 (a) Crystal structures of both In-based MOFs. (b) The lumine-
scence emission spectra of V102 in the NFZ aqueous solution at
different concentrations. (c) The recyclability of V102 toward NFZ.
Reproduced from ref. 49 with permission from American Chemical
Society.

ture, namely V102, was constructed after changing DMF to
N,N-diethylformamide (DEF). The PXRD patterns imply that
V101 can keep the crystal structure in water and aqueous solu-
tions in a wide pH range of 2-12, and V102 is still stable in
water and aqueous solutions in a pH range from 4 to 9 at room
temperature. Both In-based LMOFs showed a broad lumine-
scence emission at 372 nm derived from the n — n* transition
of H,BCP. Thanks to the high luminescence emission and
water stability, they are used as indicators to monitor anti-
biotics in water. There is a negligible influence on the lumine-
scence emission of V101 in the detection of these selected
antibiotics, but a significant quenching phenomenon of V102
can be found in the NFZ aqueous solution. The gigantic diver-
gence may be caused by different pore sizes depending on the
interpenetration-dependent structures. The NFZ size is about
7.7 x 11.8 A% which can freely enter the larger channel size of
9.5 A in V102 and is unable to get into the smaller pore size of
6.8 A in V101. This assumption is proved by the NZF adsorp-
tion behaviour of both LMOFs. According to the UV-Vis
absorption spectra, only V102 can gradually absorb NFZ in
water with increasing immersion time. The quenching per-
formance of V102 was found after immersion in a NFZ
aqueous solution at 0.2 ppm (Fig. 2b). Additionally, the emis-
sion intensity continuously decreased at the higher NFZ con-
centration, and almost completely quenched at 50 ppm. The
K, value was calculated to be 6.38 x 10* M™! for NFZ.
V102 had excellent recyclability even after reusing five cycles
due to the high water stability as a solid material (Fig. 2c). The
PXRD pattern of the reused samples kept the characteristic
peaks of the original samples. Meanwhile, no In(m) cation was
detected in the solution after centrifugation by inductively
coupled plasma mass spectrometer (ICP-MS). Both results
strongly proved the stability of V102 during the sensing
process. The quenching behaviour was not triggered by the
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skeleton collapse. The Stern-Volmer equation showed a dis-
tinct deviation from linearity and became warped in the
higher concentration range because of the coexistence of
dynamic and static quenching processes. This work provides
an effective approach to enhance the luminescence detectabil-
ity by preparing large porous LMOFs. Pores in the host LMOFs
are an important influencing factor for monitoring antibiotics.
Hence, the reasonable design and regulation of the porous
environments should be taken into consideration for the
luminescence detection performance.

In addition, Zhou et al. prepared three isostructural Zn-
based LMOFs with remarkable water stability by the mixed
ligand strategy of carboxylic acid- and pyridine-based organic
ligands.’® The functional substituents, electron-donating
group of -NH,, neutral H, and electron-withdrawing -COOH
group were rationally designed and decorated in the one-
dimensional (1D) channels of porous LMOFs via crystal engin-
eering. Three LMOFs are Zn(L)(aip)-(H,O) (LMOF-NH,), Zn(L)
(ip)-(DMF)(H,0); 5 (LMOF) and Zn(HBTC)(L)-(H,0), (LMOF-
COOH) (H,aip = 5-aminoisophthalic acid, Hip = isophthalic
acid, H3BTC = 1,3,5-benzenetricarboxylic acid, L = N4,N4'-di
(pyridine-4-yl)biphenyl-4,4"-dicarboxamide). These samples
have remarkable luminescence emission from organic ligands,
which served as indicators to monitor antibiotics. For the
same antibiotic, the sensitivity order is LMOF-NH, > LMOF >
LMOF-COOH. This is because the electron-deficient ~-COOH
group favors the n electron transfer from LMOF to the elec-
tron-withdrawing antibiotics, whereas the electron-donating
-NH, can impede this process and reduce the energy level
matched-degree between LMOFs and antibiotics. From this
work, it is clearly shown that the functional groups in LMOFs
have a certain influence on antibiotic detection. However, this
result should be further analyzed and confirmed by theoretical
calculation. This is because the introduced functional groups
change the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy levels of
the ligands, and generate various interaction forces between
the antibiotics and LMOFs (e.g., hydrogen bond, n—= force, and
electrostatic interaction) to affect the luminescence sensing
ability.

Some other similar LMOFs have been reported to detect
antibiotics by luminescence quenching performance.
However, most LMOFs are not stable in water or non-porous
structures, leading to the detection process in organic solvents
and poor sensing ability.>'®' For example, some LMOFs, such
as [(Zn,0),(PDDA)s(H,0),]-10DMF (H,PDDA = 4,4'-(pyridine-
2,6-diyl) dibenzoic acid),”* [Cd4K,(TADA),(H,0);,]-6DMF
(TADA = 3,3'-((6-hydroxy-1,3,5-triazine-2,4-diyl)bis(azanediyl))
dibenzoate),” [NH,(CHj;),]s[Zns(HBDPO),(SO,),] (H,BDPO =
2,4-bis(3,5-dicarboxyphenylamino)-6-ol triazine),>
[Cd5(TDCPB)-2DMAc]-DMAc-4H,0 (H¢,TDCPB = 1,3,5-tris[3,5-
bis(3-carboxylphenyl-1-yl)phenyl-1-yl ]benzene),>* are not stable
in water to make the luminescence sensing process in DMF.
The deficiency directly restricts the practical application of
LMOFs. Thus, the design and synthesis of high porous LMOFs
with excellent water stability is still urgent to realize the sensi-
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tive detection performance in water and other water environ-
ments. Recently, some water-stable LMOFs based on lumines-
cent organic ligands were prepared for antibiotics
detection.®””’> For instance, a highly stable pillar-layer Zn-
based LMOF, [Zn,(TRZ),(DBTDC-O,)]-DMAc (H,DBTDC-O, =
S,S-dioxodibenzothiophen-3,7-dicarboxylic acid, HTRZ = 1,2,4-
triazole, and DMAc = N,N-dimethylacetamide) was prepared by
using hard-soft-acid-base (HSAB) and dual-ligand strategies,
which has the water stability and luminescence emission.®
The corresponding Kj, values for NFZ and NFT were 5.2 X 10*
and 1.8 x 10> M~ with the LOD of 4.04 x 10”7 and 3.53 x 10~/
M, respectively. Table 1 summarizes all reported LMOFs for
monitoring antibiotics.

2.2. Highly luminous tetraphenyl ethylene-based LMOFs

Tetraphenyl ethylene possesses an aggregation-induced emis-
sion (AIE) behaviour with strong luminescence emission.
Meanwhile, it can be easily decorated with various functional
groups and preserves its luminescence property.”® As a result,
tetraphenyl ethylene-based organic li