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Metal-organic frameworks (MOFs) are novel inorganic—organic hybridized crystals with a wide range of
applications. In the last twenty years, fluorescence sensing based on MOFs has attracted much attention.
MOFs can exhibit luminescence from metal nodes, ligands or introduced guests, which provides an excel-
lent fluorescence response in sensing. However, single-signal emitting MOFs are susceptible to inter-
ference from concentration, environment, and excitation intensity, resulting in poor accuracy. To over-
come the shortcomings, dual-emission MOF-based ratiometric fluorescence sensors have been pro-
posed and rapidly developed. In this review, we first introduce the luminescence mechanisms, synthetic
methods, and detection mechanisms of dual-emission MOFs, highlight the strategies for constructing
ratiometric fluorescence sensors based on dual-emission MOFs, and classify them into three categories:
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intrinsic dual-emission and single-emission MOFs with luminescent guests, and non-emission MOFs with
other luminescent materials. Then, we summarize the recent advances in dual-emission MOF-based
ratiometric fluorescence sensors in various analytical industries. Finally, we discuss the current challenges

rsc.li/analyst and prospects for the future development of these sensors.

selected as metal centers to accept lone pairs of electrons from
ligands, and ligands containing at least one polydentate func-

1. Introduction
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Metal-organic frameworks (MOFs) are a new class of porous
materials formed by self-assembly through coordination
bonds between metal nodes/clusters and organic linkers." In
general, transition metal ions with unfilled d orbitals are
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tional group are selected to decoordinate metal ions.” Due to
advantages such as simple synthesis routes, large specific
surface areas, high porosities, and easy modifications, MOFs
have been widely used in the fields of gas storage and
separation,®™ catalysis,®® sensing,” ™ and drug delivery.">™*
In these applications, the use of MOFs as fluorescent materials
to construct sensors for a variety of targets is popular due to
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the following advantages: (i) MOF-based fluorescence sensors
are faster and easier to analyze than conventional methods
such as high-performance liquid chromatography (HPLC) and
gas chromatography/mass spectrometry (GC/MS);'® (ii) the
large specific surface area and high porosity of MOF materials
can enrich analytes and fully interact with each other, thus
increasing the sensitivity of the sensors;'® (iii) MOFs with
tunable pore sizes and structural diversity facilitate the match-
ing of a wider range of guests, thus expanding the range of
sensing applications;'” (iv) their luminescence, chemical and
physical properties can be altered by changing metal ions,
organic ligands, or guests to achieve specific response to target
species.'®"®

However, MOF-based single-emission fluorescence sensors
are susceptible to be affected by a variety of factors such as
sensor concentration, background fluorescence and instru-
ment parameters, leading to erroneous detection results. To
avoid this circumstance, there is an increasing focus on dual-
emission MOF-based ratiometric fluorescence sensors. Since
sensors are used to measure analytes with the ratio of signal
intensities at two different wavelengths and signal fluctuations
caused by non-analytical factors are minimized by a self-cor-
rection function, rationally designed MOF-based ratiometric
fluorescence sensors have highly accurate detection perform-
ance. In addition, the sensors with strong visible colour
changes are more sensitive and useful for on-site visualisa-
tion.”° Hence, dual-emission MOF-based ratiometric fluo-
rescence sensing has achieved rapid development in recent
years.

In this review, as shown in Fig. 1, we emphasized the
design strategies of dual-emission MOFs and their sensing
applications for various targets such as pH, temperature, ions,
biomarkers, etc., over the last 5 years. In addition, we discuss
the challenges that the sensors still face today and the pro-
spects in future research areas.
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Fig. 1 Schematic diagram of the construction strategy and the latest
application of the dual-emission MOF-based ratiometric sensors.

2. Luminescence mechanism of
dual-emission MOFs

MOFs can be assembled using suitable metal ions and various
functional ligands. The covalent bonding between the ligand
and the metal allows the metal ion, ligand or guest molecule
to confer different fluorescence properties to MOFs.
Additionally, metal-to-ligand charge transfer between ligands
and metals also produces fluorescence. Therefore, MOFs
provide an ideal platform for the development of solid-state
luminescent materials. As shown in Fig. 2, the emission
mechanisms of tunable dual-emission MOFs primarily encom-
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Fig. 2 Schematic representation of the various origins of photoluminescence in a porous MOF. Green ball: metal node; blue cylinder: organic con-

nector; yellow ball: guest in MOFs.

pass three types: metal-centered (MC) emission, ligand-cen-
tered (LC) emission, and guest-induced emission.

2.1 Metal centered emission

MC emission is commonly observed in lanthanide metal-
organic frameworks (Ln-MOFs). In Ln-MOFs, due to the
Laporte-forbidden f-f transitions, direct excitation of lantha-
nide ions is hindered, leading to low absorption efficiency.
Therefore, the luminescence of lanthanide ions requires sen-
sitization by organic ligands. Ligands with free carboxyl
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groups can coordinate with lanthanide ions. These ligands can
either promote or disrupt energy transfer processes, facilitat-
ing the transfer of energy from the ligand to the lanthanide
ions, thereby enhancing their light absorption capabilities.
Above phenomenon is widely known as the “antenna effect”.>!

2.2 Ligand centered emission

Organic ligands play a crucial role in the photoluminescence
behaviour of luminescent MOFs. In particular, n-electron-rich
ligands are capable of absorbing UV-visible light and achieving
radiative transitions via fluorescence or phosphorescence.
When there is no significant charge transfer (CT) or resonance
energy transfer (RET) between the ligand and the metal center,
the luminescence properties of MOFs are consistent with
those of the original ligand. When CT occurs between the
metal and the ligand, ie., metal-to-ligand charge transfer
(MLCT) and ligand-to-metal charge transfer (LMCT), the
energy level of the ligand is slightly disturbed resulting in a
slight shift of the emission wavelength. In addition, CT or
RET, i.e., ligand-to-ligand charge transfer (LLCT) or ligand-to-
ligand resonance energy transfer (LLRET), can exist between
different ligands, and the fluorescence intensity and wave-
length of the ligand are altered.*”

2.3 Guest or adsorbed luminophore-based emission

MOFs can combine with a wide range of guest molecules to
create diverse composites. Luminescent composites are
achieved by embedding or adsorbing chromophores, such as
dyes, quantum dots, or luminescent nanomaterials, inside or
on the surface of MOFs. The luminescence properties of these
composites can be independent or interact with each other. In
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the independent case, MOFs and the encapsulated guest main-
tain their original luminescence properties, while in the case
of mutual influence, luminescence is achieved mainly through
the fluorescence resonance energy transfer (FRET) mecha-
nism. In this process, if the emission spectrum of the energy
donor overlaps with the absorption spectrum of the energy
acceptor and the distance between the two is less than 10 nm,
FRET can be triggered, resulting in the weakening of the fluo-
rescence intensity of the donor and the simultaneous exci-
tation of the luminescence of the acceptor. Notably, the FRET
efficiency between MOFs and the guest can be precisely modu-
lated by adjusting the type or concentration of the guest.>®

3. Synthesis methods of dual-
emission MOFs

The typical strategies for preparing dual-emission MOFs
include: (1) one-pot method: most luminescent MOFs are pre-
pared by a simple one-pot liquid-phase thermal self-assembly
of soluble precursors containing organic ligands and metal
ions. This strategy can also be used to construct dual-emission
MOFs with mixed metals or ligands, and MOFs encapsulating
luminescent guests;**?’ (2) in situ growth: benefiting from the
uniform porosity of MOFs, small-sized luminescent guest
materials can be effectively synthesized within the pores by the
in situ reaction of introduced small molecule precursors, and
the size of the guests can be precisely controlled by the size of
the pores;*® (3) ion exchange: luminescent MOFs with charged
frameworks have strong electrostatic interactions with guests,
allowing the encapsulation of ionic luminophores to form
dual-emission center MOFs;>” (4) post-synthetic modification:
first, MOFs with a single luminescence property are syn-
thesized, and then a second type of luminescent center is
introduced or the existing luminescent center is adjusted by
chemical modification.>® These methods allow researchers to
finely customize the structure of dual-emission MOFs, thereby
facilitating in-depth studies of the luminescence mechanisms
of MOFs.

4. Detecting mechanism of dual-
emission MOF sensors

From the experimental results so far, the dual-emission MOF-
based ratiometric fluorescence sensor modes can be grouped
into three categories: (1) two emissions “turn off” and “turn
on”, one emission decreases while another increases; (2) two
emissions with either “turn on” or “turn off”, one emission
changes (either increases or decreases) and while another
remains constant; (3) two emissions undergo the same
change, either increasing or decreasing, but to varying
degrees. Specific receptor-target interactions can induce
changes in the fluorescence signals of dual-emitting MOFs
through different mechanisms. Here, we briefly describe four
common detection mechanisms involved in most studies,
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including photoelectron transfer (PET), Forster resonance
energy transfer (FRET), internal filtering effect (IFE), and
target-induced chemical or structural changes in MOFs.

In PET, when a donor molecule is photoexcited, one of its
excited electrons can jump from the donor’s lowest unoccu-
pied molecular orbital (LUMO) to the LUMO of the acceptor,
leading to fluorescence quenching.”®?° FRET is a common
fluorescence sensing mechanism that works through a dis-
tance-dependent non-radiative energy transfer process. When
the emission spectrum of the donor partially overlaps with the
absorption spectrum of the acceptor, energy transfers from the
donor to the acceptor through FRET.?® The efficiency of FRET
depends on several factors, including the extent of spectral
overlap, the distance between the donor and acceptor, and
their dipole-dipole interactions. Therefore, when the exci-
tation spectrum of a target overlaps with the emission spec-
trum of MOFs, the presence of the target changes the fluo-
rescence of the MOFs. IFE is a phenomenon that results in sig-
nificant fluorescence quenching through the competitive
absorption of excitation light between the analyte and MOFs
or by absorbing the MOFs’ fluorescence emission. In this case,
the absorption spectrum of the analyte usually overlaps with
the emission or absorption spectrum of the MOFs. Unlike PET
and FRET, IFE does not depend on the distance between the
two substances. Additionally, appropriate functional groups on
ligands can alter the fluorescence characteristics of MOFs.
These groups can act as active sites for specific target reco-
gnition through coordination or covalent interactions, thus
affecting the MOFs’ fluorescence. During the detection
process, a target can also disrupt the framework of MOF-based
composites by interacting with the metal nodes or ligands,
altering the fluorescence signal.>!**

5. Strategies for the construction of
dual-emission MOF-based ratiometric
fluorescence sensors

In order to rationally design dual-emission MOF-based ratio-
metric fluorescence sensors, the strategies developed in pre-
vious work were classified into three categories based on the
emission centers (Fig. 3): (1) MOFs with intrinsic double emis-
sion (from different metal centers or different organic ligand
centers, or both the metal and ligand centers); (2) single-emis-
sion MOFs combined with luminescent guests; (3) non-emis-
sive MOFs hybridized with two chromophores.

5.1 Preparation of intrinsic double-emission MOFs

5.1.1 Bimetallic-based MOFs. The doping of single-emis-
sion lanthanide metal-organic frameworks (Ln-MOFs) with a
lanthanide ion of different fluorescence properties is the sim-
plest way to construct the dual-emission MOF-based ratio-
metric fluorescence sensors.>*?° As common luminescent
lanthanide ions, Eu** and Tb** strongly emit red and green
light, respectively, which belong to the visible region and are

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Classification of design strategies for dual-emission MOF probes and common metal ions, organic ligands, and guests for the preparation of

dual-emission MOFs.

widely used in the synthesis of luminescent materials.*® The
dual-emission intensity and the visible color of mixed Ln-
MOFs can be adjusted by fine-tuning the ratio of emission
centers Eu®" to Tb". As shown in Fig. 4A, a series of bimetallic
Tb**/Eu®" heterogeneous Ln-MOFs were prepared by grinding
1,3,5-benzenetricarboxylic acid (H;BTC) and different ratios of
Tb**/Eu®* salts.’” Due to the efficient antenna effect between
H3;BTC and Tb*'/Eu®" as well as the energy transfer from Tb**
to Eu*", the Eu/Tb-MOF exhibited strong green fluorescence of
Eu®" and weak red fluorescence of Tb*". The introduction of
the target 2,6-dipicolinic acid (DPA) could better sensitize Tb>*
and inhibited the energy transfer from Tb*' to Eu**, which
strongly enhanced the fluorescence intensity of Tb®*. As a
result, the prepared bimetallic Tb, 4Eu, ¢-MOF exhibited a sen-
sitive ratiometric fluorescence sensing signal to DPA. A similar
strategy has produced another series of bimetallic Ln-MOFs,
called {(Me,NH,) [Tb,Eu;_y(OBA),]-(Hatz)-(H,O)1 5}, As
shown in Fig. 4B, the Tb, o/Eu, ;-MOF with yellow fluorescence
was chosen as a ratiometric fluorescence sensor with a pro-
nounced response to methanol.*® In addition, bimetallic Tb>*/
Eu®" ions could also be introduced into the pores of non-emit-
ting anionic MOFs by ion exchange to construct the ratio-
metric fluorescence sensor Tb/Eu@bio-MOF-1 that was sensi-
tively responsive to DPA.>’

5.1.2 Ligand-based MOFs. Organic ligands in MOFs are
generally used as linkers to connect metal ions or metal clus-
ters to form stable porous frameworks.*® The integration of
two fluorophore linkers with different luminescence properties
into a single MOF structure makes it possible to construct

This journal is © The Royal Society of Chemistry 2024

ratiometric fluorescence sensors. For example, as shown in
Fig. 4C, Wen et al. successfully prepared a dual-emission BDC/
BDC-(OH),-MOF by a solvothermal method using 2-amino tere-
phthalate (BDC-NH,) and 2,5-dihydroxy terephthalate (BDC-
(OH),) as fluorophore linkers and Zn>" as the metal center.*!
Due to the selectivity of the -NH, groups on the surface of the
BDC/BDC-(OH),-MOF, the dual-ligand emitting MOF was used
as a ratiometric fluorescence sensor for HCHO and Fe*" ions.
In addition, a single ligand-based MOF can also exhibit two
characteristic peaks of fluorescence. As an excited state intra-
molecular proton-transfer chromophore linker, 2,5-dihydroxy-
terephthalic acid (H,DHT) has dual emission in proton solu-
tion with FQY < 1%.*> Wang et al. prepared a fluorescent
linker using benzothiadiazole (BTD) as the luminophore and
tautomeric quinoxaline-2,3-(1H,4H)-dione (QD) as the reaction
site, which was further integrated into a porous UiO-68 type
zirconium metal-organic framework (MOF UiO-68-osdm). As a
result, the MOF UiO-68-osdm could function as a ratiometric
fluorescence sensor for visual and selective detection of alkyl
amines.*?

5.1.3 Metal and ligand-based MOFs. Insufficient energy
transfer from an organic ligand to Ln*' can generate MOFs
with dual emission centers from both metal ions and ligands.
A dual-emission Eu-MOF was prepared by using the 2-vinylter-
ephthaliate (BDC-CH=CH,) linker as the ligand, and due to
the insufficient antenna effect between the ligand and Eu®",
the Eu-MOF exhibited the fluorescence properties of both Eu**
and BDC-CH=CH, (Fig. 4D). The addition of H,S could
enhance the blue fluorescence of the ligand BDC-CH=CH,

Analyst, 2024,149,1381-1397 | 1385
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and reduce the red fluorescence of Eu*" in the Eu-MOF, so the
dual-emission Eu-MOF can be used as a ratiometric fluo-
rescence sensor for H,S detection.* Another Eu-MOF,
{[Euy(L)s+(H20),: (DMF), ]-16H,0}, (H,L: 1,4-bis(5-carboxy-1H-
benzimidazole-2-yl)benzene), also showed dual-emission fluo-
rescence from both the organic ligand and Ln** centers.*” In a
word, all the above three strategies are able to construct dual-
emission MOF-based ratiometric fluorescence sensors, but it
is generally difficult to obtain intrinsic dual-emission MOFs
with high quantum yields, so the introduction of lumines-
cent materials (dyes, nanoparticles and luminescent com-
plexes) with high quantum yields into MOFs is very important
in sensing applications.

5.2 Single-emissive MOFs with luminescent guests

As a novel porous material, MOFs provide a natural environ-
ment for guest molecules.*® Dual-emission MOFs can be
obtained by encapsulating luminescent guests (such as dyes,
nanoparticles and complexes) into single-emission MOFs. The
encapsulated luminescent guest is well dispersed in MOFs’
ordered framework, which effectively prevents the aggregation-
caused quenching (ACQ) of the luminescent guest in the free
solid state.*” In addition, the confinement effect of MOFs can
reduce the molecular vibration of the luminescent guest, thus
minimizing the non-radiative relaxation.*

5.2.1 Dyes@MOFs. Dyes are widely used as colorants,
photosensitizers, and fluorescence sensors due to their high

1386 | Analyst, 2024, 149, 1381-1397

fluorescence quantum yield, but dyes have always faced the
problem of aggregate quenching (ACQ).***° Fortunately, MOFs
have been explored for emitting fluorescence or phosphor-
escence light by integrating an emitting module into a frame-
work, thus overcoming the ACQ effect of solid-state lumines-
cent materials. As shown in Fig. 5A, Jiang et al. constructed a
red-green dual-emission fluorescent composite RhB@MOFs
with a FQY of around 25% by introducing a red organic fluo-
rescent dye, rhodamine B (RhB), into metal-organic frame-
works (Tb-MOFs). The complex was used as a ratiometric fluo-
rescent probe for the detection of Fe** and AA with high sensi-
tivity and good selectivity.>' Zhou’s group prepared NH,-MOF
by encapsulating the fluorescent dye eosin Y (EY) into an
MIL-101 aluminum-based metal-organic framework (NH,-
MOF) with ligand luminescence, and NH,-MOF could stably
immobilize the EY molecules in the cavity and effectively
inhibit the ACQ behavior of EY molecules. The obtained
EY@MOF composites exhibited dual-emission fluorescence
peaks at 437 nm and 565 nm, respectively, and could be used
as a new type of ratiometric fluorescence sensor for the detec-
tion of arginine.”® Tan’s group designed an acriflavine@-
lanthanide metal-organic framework (Acr@Eu (BTEC)) by co-
valently combining an amino-rich dye (Acr) and a carboxyl-rich
Eu (BTEC). The fabricated Acr@Eu (BTEC) exhibited two emis-
sion centers from Acr and Eu (BTEC). In the presence of ClO™,
the intense green fluorescence of Acr was significantly
quenched while the unchanged red fluorescence emitted by

This journal is © The Royal Society of Chemistry 2024
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Eu®' served as a reference signal. Therefore, Acr@Eu (BTEC)
with two emission signals was developed as a ratiometric fluo-
rescence sensor for the highly sensitive detection of ClO™.>

5.2.2 Nanoparticles@MOFs. Since nanomaterials such as
CDs, QDs, and metal nanoparticles exhibited the advantages
of resistance to photobleaching, water dispersibility, and high
fluorescence intensity,>* the nanoparticles@MOF probes pre-
pared by encapsulating luminescent nanomaterials in single-
emission MOFs can not only exhibit the excellent properties of
nanomaterials and single-emission MOFs, but also construct
ratiometric fluorescence sensors for the enrichment and accu-
rate detection of targets.

This journal is © The Royal Society of Chemistry 2024

CDs are carbon particles less than 20 nm in size with excel-
lent fluorescent properties. Wang et al. synthesized novel fluo-
rescent CDs@Eu-2,6-pyridinedicarboxylic acid (DPA) metal-
organic frameworks (MOFs) by encapsulating CDs in Eu-DPA
MOFs (Fig. 5B). The CDs@Eu-DPA MOFs could emit two kinds
of fluorescence from CDs and Eu-DPA MOFs under single
wavelength excitation at 275 nm. In the presence of Cu®*, the
fluorescence of the Eu-DPA MOFs was quenched while that of
the CDs remained unchanged, resulting in a ratiometric fluo-
rescence response to Cu”*.>® Wei et al. encapsulated nitrogen/
cobalt-doped carbon dots (N, Co-CDs) with strong blue light
emission into red light-emitting europium metal-organic

Analyst, 2024,149,1381-1397 | 1387
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frameworks (Eu-MOFs) by a self-assembly method. The pre-
pared CDs@Eu-MOFs not only had good stability in aqueous
solution but also exhibited dual-emission signals originated
from CDs and Eu-MOFs. In the presence of chromium ions
(Cr®"), the fluorescence intensity of CDs decreased, while that
of Eu-MOFs remained unchanged, so that a ratiometric fluo-
rescence sensor could be constructed for the detection of
Cr6+.56

QDs are nanoscale semiconductors that emit light at a
specific frequency under a certain electric field or light
pressure.>” Compared with ordinary organic fluorophores, QDs
have obvious advantages such as high fluorescence yield, good
photostability, and long fluorescence lifetime.”®*® However,
the high surface activity of QDs is subject to mutual agglom-
eration, which leads to fluorescence quenching. As a crystal-
line framework with porosity, large specific surface area and
stability, MOFs can provide multiple binding sites for immobi-
lized QDs and prevent their agglomeration. Here, Xu’s group
prepared a self-calibrated optical thermometer CsPbBr;@Eu-
MOF with a FQY greater than 50% by encapsulating CsPbBr;
QDs into an Eu-MOF, which exhibited both green lumine-
scence at 528 nm from CsPbBr; QDs and red luminescence at
618 nm from the Eu-MOF. As a result, the CsPbBr;@Eu-MOF
composite showed luminescence behavior with a dual-signal
response to temperature and had the significant advantages of
high sensitivity and high reliability.*°

As common fluorescent metal nanoparticles, gold nano-
clusters (AuNCs), silver nanoclusters (AgNCs) and copper
nanoclusters (CuNCs) are promising for sensing and bio-
imaging due to their good optical properties,®* low toxicity and
small size.®® To further improve the sensing performance of
metal nanoparticles, MOFs have been chosen as carriers to
improve their selectivity, sensitivity, and stability. For example,
Shang’s group prepared dual-emitting AuNCs@Eu-MOF from
blue-fluorescent BSA-modified AuNCs and a red-fluorescent
Eu-MOF for ratiometric fluorescence monitoring of adenosine
triphosphate (ATP) by a one-step solvothermal method.®?
Similarly. Yan’ group and Jing’group prepared dual-emission
AgNCs (FQY = 8%)/metal-organic shell composite (FQY = 15%)
and CuNCs@Tb@UiO-66-(COOH), for phosphate and Cu**
ratiometric fluorescence sensing, respectively.®®

5.2.3 Luminescent complexes@MOFs. Cationic complexes
of metals such as iridium and ruthenium have stable fluo-
rescent properties in aqueous and organic solutions. To
expand the applications of these complexes in photocatalysis,
white light emission, biomedicine, and chemical sensing, they
are encapsulated in metal-organic framework materials as
luminescent guests. Zhang et al. encapsulated the iridium
complex [Ir(ppy).(bpy)]” with yellow fluorescence in the pores
of a blue-fluorescent MOF material. High-quality white light
was observed by adjusting the concentration of the guest [Ir
(ppy)2(bpy)]’, which effectively achieved a high QY (11.9%) and
optimized white light emission.®® Here, we focus on the encap-
sulation of luminescent complexes into MOFs for fluorescence
sensing. Wang et al. encapsulated the red luminescent cationic
complex Ru(bpy);>" into blue luminescent UiO-OH pores by a
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solvothermal method (Fig. 5C). At a single excitation wave-
length, the fluorescence intensity of the prepared Ru@UiO-OH
at 537 nm and 600 nm showed different variations as the con-
centration of the target trimethylamine (TM) increased. Since
Ru(bpy);>* was stably encapsulated in the MOF pores, the con-
structed ratiometric fluorescence sensor exhibited high sensi-
tivity, low detection limit, wide detection range, fast response,
high stability, and reusability for TM.*”

5.2.4 Target-induced new emission MOFs. In addition to
the encapsulated approach described above, a particular strat-
egy for constructing dual-emission MOFs is that the target
induces a single-emission MOF to produce a new emission,
which facilitates improved selectivity for the target. For
example, Khalid M. proposed an ultra-small blue fluorescent
zinc-based MOF (FMOF-5) and interestingly, tetracycline (TC)
was able to adsorb onto the FMOF-5 surface and change the
blue fluorescence of FMOF-5 (440 nm) to yellow-green fluo-
rescence (520 nm) by aggregation-induced emission. As a
result, the ratio Isy nm/l440 nm Of FMOF-5 allowed selective and
accurate detection of TC.°® In another research work, the
target TC could cause quenching of the single characteristic
peak of Zn-MOF-on-NH,-MIL-53(Al) at 402 nm through an
internal filtering effect, whereas the intrinsic green fluo-
rescence of TC at 517 nm was enhanced through the coordi-
nation of the carboxyl group of TC to the metal active center
Zn**. Thus, Zn-MOF-on-NH,-MIL-53(Al) can be used as a
reverse-ratio fluorescence sensor for TC detection (Fig. 5D).%°
Ding et al. prepared single-emission Tb-HDBB-CPNs (FQY =
14.27%), which exhibited a red fluorescence peak at 590 nm.
With the addition of Zn**, Tb-HDBB-CPNs produced a new
emission peak at 470 nm (FQY = 17.25%) due to ion exchange.
Thus, a ratiometric fluorescence sensor was constructed based
on the Tb-HDBB-CPNs for the detection of Zn**.”®

5.3 Non-luminescent MOFs with other luminescent
materials

In addition to luminescent MOFs, it has been reported that
non-emissive MOFs can produce fluorescence by introducing
mixed luminescent materials into their pores or binding lumi-
nescent materials to their surfaces. Thus, non-emissive MOFs
can be used as a container for encapsulating mixed chromo-
phores to form ratiometric fluorescence sensors. For example,
Jia et al. used a one-step in situ synthesis method to simul-
taneously encapsulate blue fluorescent carbon dots (CDs) and
red fluorescent InP/ZnS quantum dots (InPQDs) into ZIF-8. In
the prepared CDs/InPQDs@ZIF-8, the InPQDs were used as the
response units of the target and the CDs as reference signal
units, which realized specific and sensitive ratiometric fluo-
rescence sensing for Hg”" and cysteine (Cys).”" In addition,
green luminescent fluorescein o-acrylate (F1) and red lumines-
cent tris(2,2"-bipyridine)-diruthenium(u) hexahydrate (Rubpy)
were simultaneously captured into the pores of the non-emit-
ting Zn-MOF-74. The resulting F1/Rubpy@MOF showed dual-
emission signaling. Interestingly, the addition of HCIO could
quench the green emission while the red emission was
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unchanged, which made F1/Rubpy@MOF a ratiometric fluo-
rescence sensor for HCIO detection.”

6. Application

Based on the above dual-emission MOF construction strategy,
we summarize the MOF-based ratiometric fluorescence
sensors for pH, temperature, ions, biomarkers, and other
applications over the last five years.

6.1 pH sensing

pH is an important parameter in biomedicine, food proces-
sing, analytical chemistry, new drug development, environ-
mental monitoring, and so on. Research works on MOF-based
ratiometric fluorescence sensors for pH detection are gradually
being reported. As displayed in Fig. 6A, Yu et al. constructed a
dual-emission 1-hydroxypyrene@Co/Tb-dipicolinic acid metal-
organic framework (1-OHP@Co/Tb-DPA MOF) as a ratiometric
fluorescence sensor for pH detection.” Under strong acids,
the ligand DPA was protonated to form DPA-H', so its elec-
tronic structure was conducive to internal intramolecular
charge transfer (ICT), thus weakening the antenna effect
(energy transfer) from DAP to luminescent Tb>". The character-
istic fluorescence peak of Tb*" gradually increased with
increasing pH, while the emission peak of the reference 1-OHP
(396 nm) remained almost unchanged. This ratiometric fluo-
rescence sensor exhibited an excellent linear response over the
pH range of 0.3 to 5.0 and showed good visualization from
blue to green. In addition, Ma et al. introduced the red lumi-
nescent center Eu-p-diketone into the blue luminescent multi-
ligand UiO-66-NH, to construct dual-emission Eu(BTA)@CPP3
(Fig. 6B), which exhibited a wide range of sensing abilities in
the pH range between 1.19 and 13.90 by protonation, inhi-
bition of charge transfer and deprotonation.”
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6.2 Ion sensing

Ion sensing plays an important role in the biomedical, chemi-
cal, and environmental fields.”>”® For example, the arbitrary
release of heavy metal Hg”" poses a great threat to ecosystems
and human health; hence, Shu et al. prepared a dual-emission
CsPbBr;@Eu-BTC nanocomposite (FQY = 57.33%) for the
visual detection of Hg”>* by encapsulating CsPbBr; into Eu-BTC
via an in situ growth method. As shown in Fig. 7A, in this
sensing process, the red emission of the Eu-MOF remained
unchanged while the green fluorescence of CsPbBr; was
quenched, realizing an ultra-low detection limit of 0.116 nM
for Hg”" and a wide detection range of 0 to 1 pM.”” Cu*" is
essential for the normal functioning and metabolism of
human organs. Abnormal concentrations of Cu** can lead to
the development of many diseases. Therefore, Xia et al. ration-
ally designed dual-emitting Eu-DATA/BDC with a two-ligand
strategy (Fig. 7B). Terephthalic acid (H,BDC) was selected to
sensitize Eu®" for antenna-effect emission, while 2,5-diamino-
terephthalic acid (H,DATA) maintained its own luminescence
for specific recognition of Cu®**. This MOF-based ratiometric
fluorescence sensor realized a fast response (less than 10 s), a
wide detection range (1-40 pM) and a low detection limit
(0.15 uM).”® As a highly toxic and difficult-to-degrade metal
ion, Pb>" can enter the human body through food and drink-
ing water, jeopardizing the function of the brain, kidneys, and
nervous system.

In addition, as an important genetic and metabolic sub-
stance in living systems, phosphate ions are involved in many
important physiological and pathological processes, and can
be used as a direct marker for cardiovascular and acute kidney
failure. Therefore, Yi et al. prepared a novel dual-response
ratiometric fluorescent probe CDs/QDs@ZIF-8 by in situ encap-
sulation of blue-emitting CDs and red-emitting CdTe quantum
dots (QDs) into zinc-metal-organic frameworks (ZIF-8) for
ultra-highly selective and sensitive detection of Pb** and PO,*~

B-diketone

AC

10k
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Intensity (a.u.)
E 2 F
B /

Fig. 6 pH sensing of MOF-based ratiometric fluorescent probes. (A) Schematic diagram of 1-OHP@Co/Tb-DPA MOF-based pH microsensor for
visual detection of strong acids.”® (B) Schematic diagram of dual-emission Eu(in)-functionalized multi-ligand MOFs for wide-range pH sensing.”*
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(OH),@RhB and the sensing process for A3+ .8°

(Fig. 7C). With the addition of Pb**, the CDs served as a stable
internal standard, while mercaptoacetic acid on the surface of
CdTe QDs combined with Pb®" as well as the electrons of the
photoexcited CdTe QDs transferred to the Pb*>*, thus quench-
ing the fluorescence of the CdTe QDs. In contrast, the fluo-
rescence of CdTe QDs was restored after the addition of PO,*~
to the CDs/QDs@ZIF-8 + Pb>" system. This ratiometric fluo-
rescence signal responded linearly in the 0.04-60 pM and
0.25-50 pM ranges for Pb>* and PO,*>~ with detection limits of
2.35 nM and 9.42 puM, respectively.”® Excessive intake of AI**
can promote the onset of Parkinson’s disease, dementia, and
Alzheimer’s disease, so it is of great interest to construct a fast,
effective, and simple method for the detection of Al*". Zheng
et al. prepared dual-emission zirconium-based metal-organic
framework composites (UiO(OH),@RhB) for ratiometric fluo-
rescence sensing of AlI*" in aqueous media by a one-step solvo-
thermal method (Fig. 7D). -OH on the surface of the green
luminescent UiO(OH),was able to capture AI*" in water
through electrostatic and coordination affinity, which induced
an excited state intramolecular proton transfer process and
thus enhanced the fluorescence intensity, while the red fluo-
rescence intensity of RhB remained stable. The sensor showed
excellent sensitivity, good selectivity and fast response (2 min)
to AI**, which was also applied to real food samples (grain
legumes) with recoveries ranging from 89.08% to 113.61%.%°
Chen et al. prepared a novel effective dual-emission porphyrin
metal-organic skeleton fluorescent probe by encapsulating
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UiO-66(OH), into a porphyrin MOF (PCN-224), which showed
excellent fluorescence performance in the detection of Cu®*. In
this probe, the signal of the encapsulated green-emitting
UiO-66(OH), was regarded as a reference signal, which could
provide an effective in-built correction in complex environ-
ments. The red luminescent PCN-224 contained active sites for
specific response to Cu®'. As a result, the ratiometric fluo-
rescence sensor provided a reliable platform for the detection
of Cu®" with LOD values as low as 0.068 nM. This LOD value is
below the limit of Cu®>* concentration in drinking water.®" Yu
et al. synthesized a novel ratiometric fluorescent probe amino-
functionalized S’ Ln-MOF for the detection of F~ using Eu®* as
a metal node and 2-amino-[1,1":4',1"-triphenylene]-3,3",5,5"-
tetracarboxylic acid (H,TPTC-NH,) as a ligand. The amino
group not only adjusted the energy level of the benzene skel-
eton, but also provided a freely accessible site for F.
Specifically, F~ could significantly increase the blue emission
of the ligand and quench the red fluorescence of Eu®* by
hydrogen bonding with the amino group on the ligand back-
bone. As a result, dual-emission EuTPTC-NH, enabled efficient
ratiometric fluorescence detection of F~ in aqueous solution
with a fast response (60 s), a low detection limit (11.26 pM)
and high selectivity.®?

6.3 Temperature sensing

In 2012, Qian et al. prepared a temperature-responsive lumi-
nescent bimetallic Tb** and Eu®*" metal-organic framework,
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which was firstly used as a temperature sensor with self-cali-
bration function for cryogenic monitoring. Subsequently, the
investigation of high-performance dual-signal MOF-based
temperature sensors has been the focus of attention. As shown
in Fig. 8A, Ding et al. constructed a dual guest-emitting zinc
metal-organic framework (Cdots&RB@ZIF-8>) and embedded
it into a flexible matrix for temperature sensing. Since the fluo-
rescence resonance energy transfer that occurred between the
two luminescent guests was heat dependent, the intensity ratio
of C-dots to RBs exhibited excellent linear response to temp-
erature in the physiological range of 20-80 °C with high sensi-
tivity (0.74% °C™" at 20 °C), spectral reproducibility (>96%)
and structural stability.** Gong et al. synthesized a blue-emit-
ting NOb-type metal-organic framework (ZnNDPA) and
formed a dual-emitting RhB@MOF fluorescent probe by
adsorbing RhB (Fig. 8B). The fluorescence intensity ratio of the
organic linker 5,5-naphthalene-1,4-diyl-diisophthalic acid
(H,NDPA) to RhB showed a good linear relationship with
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temperature in the range of 30-90 °C, and the maximum rela-
tive temperature sensitivity was 0.42% °C™" at 30 °C.** Sun
et al. synthesized a dual-emission fluorescent probe CdSe QDs/
Eu-BTC by embedding green fluorescent CdSe QDs onto the
surface of a red-emitting europium metal-organic framework
(Eu-BTC) (Fig. 8C), which was further encapsulated into a
hydrophobic film as a temperature-responsive material.
Intriguingly, the material exhibited opposite photo-
luminescence behavior with increasing temperature. The fluo-
rescence intensity ratio (Is1s nm/Is30 nm) Of different lumine-
scence centers showed high sensitivity (3.02% °C™") and a
wide detection range (30 °C-110 °C) for temperature sensing.®
Unlike the MOF-based luminescent composites constructed
above, Li et al. prepared a single lanthanide MOF for tempera-
ture multimodal ratiometric fluorescence sensing by self-
assembly of the ligand 2’,5'-dimethyl-[1,1":4’,1"-terphenyl]-
3,3",5,5"-tetracarboxylic acid and Dy*" ions. As shown in
Fig. 8D, the thermally coupled energy level (TCEL)-based emis-
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Fig. 8 Temperature sensing of MOF-based ratiometric fluorescent probes. (A) Schematic representation of synthesis of dual-emitting
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escence sensing.®* (C) Schematic diagram for the preparation of a CdSe/Eu-BTC composite material and the ratiometric fluorescence sensing of
temperature.® (D) Schematic of Dy-MOF-based multimodal ratiometric fluorescence temperature sensing.8¢

This journal is © The Royal Society of Chemistry 2024

Analyst, 2024,149, 1381-1397 | 1391


https://doi.org/10.1039/d3an02187d

Published on 03 1402. Downloaded on 07/08/1404 06:10:33 ..

Critical Review

sions of Dy*" (I4s6 nm/liss nm) have a distinct exponential
relationship with temperature between 303 and 423 K, and the
relative sensitivity at 30 °C was 1.20% K '. Another lumine-
scence model parameter (I343 nm/lIs75 nm) Of the ligand and
Dy*" displayed an S-type response to temperatures in the range
of 423-503 K with a good sensitivity of 8.46% K™* at 503 K.*°
Liu and team synthesized a series of mixed lanthanide metal-
organic frameworks (M’LnMOFs) through a hydrothermal reac-
tion, using 2-pyridyl-4-based 4,5-imidazole dicarboxylic acid
(HsPIDC) as the primary ligand and sodium oxalate as the
auxiliary ligand. The MOFs could be utilized as ratiometric
luminescent sensors for temperature detection, exhibiting a
good linear response within the temperature range of 303 to
473 K.Y

6.4 Biomarker sensing

Biomarkers are biochemical indicators that signify changes or
potential changes in the structure or function of systems,
organs, tissues, cells and subcells, and can be used in the
diagnosis of disease. Many MOF-based ratiometric fluo-
rescence sensors have been developed for the detection of bio-
markers. As shown in Fig. 9A, Zhang’s group reported a
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boronic acid covalent Eu-MOF (B-Eu-MOF) as a ratiometric
fluorescence sensor for the detection of N-acetylneuraminic
acid (NANA), a marker of lung cancer. The boronic acid struc-
ture on the surface of the B-Eu-MOF specifically bound to
NANA and inhibited the antennae effect between the ligand
and Eu®**, which caused a decrease in the red spectrum and an
increase in the blue spectrum. The fluorescence intensity ratio
(Z470 nm/Is14 nm) of the B-Eu-MOF showed a detection limit of
1.23 mM for NANA in the detection range interval of 10™* M-
107° M.%®

Su et al successfully prepared ratiometric fluorescent
probes CDs/QDs@MOFs for the detection of ascorbic acid (AA)
and ascorbate oxidase (AAO) in serum by encapsulating blue-
emitting carbon dots (CDs) and red-emitting thioglycolic acid
(TGA)-capped CdTe QDs into Zn-MOFs (Fig. 9B). By switching
the Hg”>* quenching signal on or off, the sensor could quantify
AA and AAO in the ranges of 0.01-0.2 uM and 0.05-4 U L%,
respectively.’® Yang et al. synthesized a novel dual-emission
hybrid fluorescent probe SiNPs/Tb-MOF for dipicolinic acid
(DPA) detection by encapsulating blue-emitting SiNPs into a
green-emitting Tb-MOF (Fig. 9C). In this sensing process, the
addition of DPA enhanced the luminescence intensity of Tb**,
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Fig. 9 Biomarker sensing of MOF-based ratiometric fluorescent probes. (A) Schematic representation of the dual emission B-Eu-MOF probe for
NANA detection and the relationship of /470 nm/le14 nm With different concentrations of NANA.28 (B) Schematic representation of the synthesis of
dual-emission QDs/CDs@MOFs and the ratiometric fluorescence sensing of AA and AAO.8° (C) Schematic description of the preparation of Si NPs/
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while the fluorescence of SiNPs was unchanged. The sensor
was able to provide a fast response (30 s) to DPA and achieved
a low detection limit of 5.3 nM in the range of 0.025-3 pM.%°
As a biomarker for many diseases, the detection of hypochlor-
ous acid is important for the assessment of physiological and
pathogenetic processes. Therefore, Tan et al. encapsulated cur-
cumin (CCM) and CDs into a Zn-MOF by a self-assembly
method to construct a ratiometric fluorescence sensor for
hypochlorous acid (HCIO) detection (Fig. 9D). In the presence
of HCIO, o-methoxyphenol of CCM was oxidized to benzo-
quinone, thus inhibiting the fluorescence resonance energy
transfer between CCM and CDs. As a result, the red fluo-
rescence of CCM was enhanced while the blue fluorescence of
CDs was quenched. Compared with other reactive oxygen
species, the sensor achieved very high specificity for HCIO and
a low detection limit of 67 nM.?" Unlike the above work, a new
fluorescence sensor for detecting AA was developed by Zhang
and colleagues by using luminol-incorporated iron-based
metal-organic frameworks (luminol@Fe-DOBDC MOFs). The
MOFs could emit fluorescence at two wavelengths, 430 nm and
540 nm, under excitation at 365 nm. Due to the ability of AA to
reduce Fe®" to Fe**, the fluorescence at 540 nm was signifi-
cantly enhanced, while the fluorescence at 430 nm remained
almost unchanged. As a result, the fluorescence ratio (Is4o nm/
I;30 nm) Of thedual-emission probe proved responsive to AA,
showing a good linear relationship in the range of 0.2-30 pM,
and the detection limit was as low as 70 nM.?> Zhao and
colleagues developed a sensor using terbium ions (Tb*")
attached to the carboxyl groups of nanocage nickel metal-
organic frameworks (NiMOFs). This Th**@NiMOF sensor,
created through post-synthesis modification involving
coordination, featured Tb** ions as both secondary fluo-
rescent sites and active sensing sites. It demonstrated high
sensitivity, selectivity, and rapid response, along with excel-
lent recyclability and a low detection limit (3.06 ng mL™").
This sensor shows significant promise for direct and
effective monitoring of serum epinephrine (EPI).”® Yu et al.
prepared dual-emission Th-MOFs for the detection of alka-
line phosphatase (ALP), and the obtained ratiometric fluo-
rescent signal values were used to quantify ALP due to the
fact that the phosphate ions, the enzymatic product
between ALP and ascorbic acid phosphate sodium, could
quench the emission of the Tb*' ions and enhance the
fluorescence of the ligand by blocking the ligand’s energy
transfer to Tb>*.°* Han et al. developed a DNA/MOF-based
ratiometric fluorescence sensor to detect miRNAs by FRET.
In this sensor, UiO-66-NH, MOFs were used as carriers to
encapsulate RhB and capture DNA by forming Zr-O-P
bonds; thiazolyl orange (TO) was preferentially intercalated
into DNA to facilitate the encapsulation and thus formed
double-emitting DNA-RhB@UiO-66-NH,. The target miRNA
could recover the fluorescence of TO by binding to the
DNA-RhB@UiO-66-NH, probe via a strand displacement
reaction.”®  Additionally,  biomolecular  recognition
elements are often labeled on the interior or surface of
dual-emission MOF structures through covalent bonding,
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adsorption, ligand exchange, and self-assembly methods to
improve the recognition of target substances.’® %%

6.5 Other sensing

In addition to the four prominent applications mentioned
above, MOF-based ratiometric fluorescence sensors are also
used in the sensing of drug residues, gases, humidity, and
food spoilage. In drug residue sensing, organic disinfectants
(quaternary ammonium salts and Cl/Br/I-containing com-
pounds),” tetracycline,'°”'°" cephalosporin,'®* pesticide resi-
dues of metribuzin,'®® etc. are common analytes. Due to the
adsorption capacity of MOFs, Lu et al. prepared a blue-emit-
ting zinc-based MOF with 2-(4-carboxyphenyl)-1H-benzo[d]
imidazole-5-carboxylic acid (CBC) as the ligand for ratiometric
fluorescence detection of oxytetracycline (OTC) (Fig. 10A). OTC
was adsorbed onto the MOF surface and quenched the fluo-
rescence of the Zn-MOF by an internal filtering effect (IFE),
whereas the green fluorescence intensity of OTC was enhanced
due to the aggregation-induced emission (AIE) of OTC in the
Zn-MOF. (F°*°/F3*%)/(F*"*/F4"%) showed a positive linear relation-
ship with the amount of OTC with a detection limit of 26.9
nM."** Formaldehyde,'® hydrogen sulfide (H,S),'%® triethyl-
amine,'”” etc. are common analytes in gas sensing. As shown
in Fig. 10B, He et al. prepared novel vinyl-functionalized Eu-
BDC-CH=CH, (Eu-MOF) for visual sensing of H,S. The vinyl
group of the ligand not only modulated the antenna effect of
the ligand to Eu®*, which led to an increase of purple fluo-
rescence intensity at 363 nm and a decrease of red fluo-
rescence intensity at 615 nm, but also served as the exposure
reaction site of Eu-BDC-CH=CH, for the quantitative detec-
tion of H,S. The designed ratiometric fluorescent probe
showed the advantages of good acid-base stability (pH =
2-11), fast response (<2 min) and high sensitivity (LOD =
38.4 uM)."®

Moisture sensing is essentially the detection of water and is
generally used for quality control of solid drugs, chemicals,
and food. Recently, MOF-based ratiometric fluorescence
sensors have been applied to the determination of water
content in honey,''! the identification of water content in
pharmaceuticals,'® and the analysis of water content in
organic reagents.''” As shown in Fig. 10C, Xiao’s group pre-
pared a dual ligand dipicolinic acid/2-aminophthalic acid
MOF (Eu-DPA/PTA-NH,) for the determination of water
content in pharmaceuticals. Since water could inhibit energy
transfer from the first ligand DPA to Eu®* as well as induce the
intramolecular charge transfer of the second ligand ami-
nophthalic acid (PTA-NH,), the red fluorescence intensity of
the Eu-DPA/PTA-NH, decreased while the blue fluorescence
intensity was enhanced with the increase of water content. The
B/R value showed a good linear relationship with the water
content in the range of 0.5-5% v/v, and the LOQ was 0.30%
(g/g) for water in granules and 0.14% (v/v) for water in cap-
sules.’® In addition, MOF-based ratiometric fluorescence
sensors have been developed for the detection of biogenic
amines and thus for the evaluation of food freshness.'>®” By
post-synthetic modification, Chen’s group prepared the dual-
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Schematic diagram of a dual-emission Eu-DPA/PTA-NH, based logic device for visual detection of water content in solid drugs.'°® (D) Preparation of

dual-emission Eu-MOF-FITC and ratiometric fluorescence detection of BAs.

emission fluorescent probe Eu-MOF-FITC by covalently coup-
ling an amino-modified Eu-MOF and fluorescein 5-isothio-
cyanate (5-FITC) (Fig. 10D), which exhibited a reverse dual
emission response to biogenic amines (BAs), with an
enhancement of the emission of 5-FITC and a reduction of
the emission of Eu®". The color of the sensor changed from
red to green with the elevation of BAs and the fluorescence
intensity ratio (Isys5/Is11) was linearly proportional to BA con-
centration in the range of 2.78-41.67 mg L', with the LOD
value of 11 mg L™"."'° Above applications show that the dual-
emission MOF-based ratiometric fluorescence sensors have
obvious advantages in the analysis of complex sample
matrices: (i) the self-calibration ability of the two emission
peaks can reduce the influence of probe concentration and
environmental changes on the detection results, enabling the
sensors to maintain high accuracy and reliability in complex
sample matrices; (ii) the dependence on the change of the
ratio of dual-emission fluorescence intensity can enhance the
sensitivity of the sensors to targets in complex matrices; (iii)
the modification and surface functionalization of MOFs’
structure can improve selectivity of the sensor in complex
matrixes.
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7. Conclusion and outlook

In conclusion, this review introduces the luminescence mecha-
nism, typical synthesis methods, and sensing mechanism of
dual emission MOFs and emphasizes the strategies for the
construction of dual-emission MOF-based ratiometric fluo-
rescence sensors, which are broadly categorized into three
groups: intrinsic emission from mixed metals and ligands,
encapsulation of luminescent guests into single-emission
MOFs, introduction of mixed fluorophores into non-emission
MOFs. These sensors have been successfully applied for pH,
ion, temperature, biomarker, and other assays. Although dual-
emission MOFs have made great strides in the field of fluo-
rescence sensing, there are several issues that need to be
addressed in the actual sample application. (i) The biocompat-
ibility of dual-emission MOFs for in vivo sensing and in situ
sensing attached to fresh food or body surfaces needs to be
considered. Therefore, toxic metal ions, ligands, and lumines-
cent guest molecules should be avoided when constructing
MOF-based ratiometric fluorescence sensors. (ii) The stability
of dual-emission MOF-based ratiometric fluorescence sensors
in complex real sample environments needs to be further
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improved. High stability allows the dual-emission MOFs to be
recycled without affecting the sensing performance. The com-
position of dual-emission MOF-based composites is relatively
complex and consideration of the structure and optical pro-
perties of additional emissive materials is required, which can
easily lead to interface instability. Therefore, intrinsic dual-
emission MOF-based ratiometric fluorescence sensors with
their uniform structure and chemical homogeneity tend to be
more stable. In addition, most dual-emission MOF ratiometric
sensors do not maintain long-term stability in acidic and alka-
line aqueous solutions, and the defects in the structure of the
MOFs caused by the interaction between the sensors and the
analyte can affect their repeatability as the detection cycle
grows. Therefore, the selection of high-valent metal centers or
multidentate ligands with high rigidity backbones as well as
the introduction of stable luminescent guests and protectants
offer the possibility of constructing stable MOF-based sensors.
In addition, X-ray diffraction alone is not sufficient for evaluat-
ing the stability of dual-emission MOFs, which can only
provide information on the post-sensing crystallinity. The
residual porosity data of the MOF after sensing also need to be
supplemented, which is crucial for the stability of the sensing
performance. (iii) It remains a challenge to demonstrate MOF-
based ratiometric fluorescence sensing mechanisms involving
microscopic processes such as charge transfer solely based on
experimental results. Therefore, a systematic study of the
sensing mechanism through a combination of experimental
and computational approaches is recommended to gain a
comprehensive understanding of the fundamentals of the
ratiometric fluorescence sensing process. (iv) Considering the
specific response to the target, most MOF-based ratiometric
sensors currently designed are highly sensitive and selective
for the detection of a single analyte. Therefore, the develop-
ment of high-throughput MOF-based ratiometric fluorescent
array sensors is expected to achieve simultaneous accurate and
highly sensitive detection of multiple targets in complex
samples. (v) To overcome the disadvantages of fluorescence
sensors that can only be operated in the laboratory, the devel-
opment of portable smart analytical devices by integrating
dual-emission MOF probes with flexible films and smart-
phones not only enables on-site analysis, but also will set a
future trend in the development of smart sensors.

Considering the above challenges, we need to put more
efforts to deepen our understanding on dual-emission MOF-
based fluorescence sensors and to improve them in the future.
We expect that dual-emission MOFs will have great potential
as ratiometric fluorescence sensors in a wide range of analyti-
cal applications.
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