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Abstract: Metal–organic frameworks (MOFs) have excellent applicability in several fields and have
significant structural advantages, due to their open pore structure, high porosity, large specific surface
area, and easily modifiable and functionalized porous surface. In addition, a variety of luminescent
guest (LG) species can be encapsulated in the pores of MOFs, giving MOFs a broader luminescent
capability. The applications of a variety of LG@MOF sensors, constructed by doping MOFs with
LGs such as lanthanide ions, carbon quantum dots, luminescent complexes, organic dyes, and metal
nanoclusters, for fluorescence detection of various target analyses such as ions, biomarkers, pesticides,
and preservatives are systematically introduced in this review. The development of these sensors for
portable visual fluorescence sensing applications is then covered. Finally, the challenges that these
sectors currently face, as well as the potential for future growth, are briefly discussed.
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1. Introduction

Accompanied by the development of society and industrial production, food safety, envi-
ronmental monitoring, and clinical diagnostics, the most important global issues, have attracted
extensive attention worldwide. In many applications, it is increasingly important to accurately
detect and measure biological and chemical substances [1–5]. Conventional laboratory tech-
niques are typically unsuitable for rapid on-site analysis, because they require heavy equipment
and skilled operators. In particular, the cost of equipment will severely limit the use of these
conventional approaches in less developed countries and regions. It is therefore essential to
develop a lightweight, affordable device for on-site detection.

In recent years, various fast detection techniques have been established for sensitive de-
tection in food safety, environment surveillance, and clinical diagnosis, such as electrochemical
analytical methods [6–10], fluorescent analytical methods [11–13], surface-enhanced Raman
spectroscopy [14–18], and so forth [19]. Due to their high sensitivity, ease of use, and rapid
response, fluorescent sensing techniques have been widely used for the detection of metal
ions [20–25], pesticide residues [26–33], disease markers [34–38], etc. In particular, they have
great potential for integrating fluorescent probes and associated detection accessories into
portable monitoring systems, such as systems that determine the visual readability of analytes,
by using a simple ultraviolet (UV) lamp [39]. As a result, fluorescence-based analysis is often
a better choice, and developing materials with good fluorescence signals and active sites of
detection is more suitable for integration into fluorescence sensors.

Metal–organic framework (MOF) materials, with the advantages of porosity, large specific
surface area, structural and functional diversity, and unsaturated metal sites, have attracted
much attention in the sensing field, as the standout material for fluorescence detection [40–42].
The luminescence of MOFs can originate from the ligands, metal ions, or the interaction
between ligands and metal ions. Many types of sensors are used, such as ZIF-8, ZIF-67,
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Ln-MOFs, and UiO-66 [43]. Although MOFs have been widely used for sensing, lanthanide
metal ions and complex organic linkers are the main sources of their tunable fluorescence
properties. This suggests that their synthesis will be extremely challenging [44–47]. Thus,
imparting better fluorescence properties remains a great challenge.

In addition to the luminescence of the MOF itself, the luminescence of MOFs can be
realized by introducing luminous guests into the metal–organic framework. Due to their
structural properties, MOFs are an excellent class of hosts, and by adding guests, their
variety of functions and practical applications can be modified. Using the porosity of MOF
hosts to encapsulate various luminescent guests (LGs), thus forming LG@MOF composite
systems, is a unique approach to obtaining luminescence from MOFs (LMOFs). Over
conventional syntheses of luminescent materials, guest encapsulation into MOFs has some
benefits, including the simplicity and cost-effectiveness of this methodology, the possibility
of tuning the emission properties by a rational selection of commercially available fluo-
rophores or luminescent dyes, and the avoidance of aggregation-caused quenching (ACQ)
phenomena, by partitioning of the luminescent guests into the pores of the crystalline
MOF host [48–54]. LG@MOFs not only combine the advantages of LGs and MOFs but also
maintain the original morphological characteristics. The adsorption ability of MOFs makes
the analyte concentrate near the fluorescence sensor, to improve the sensitivity. At the
same time, the separation ability of MOFs extinguishes interfering substances, to improve
the selectivity. The embedding of LGs, makes the optical characteristics of LG@MOFs
more adjustable. In addition, the functional groups on the surface of the LG may be the
binding sites of the target, which is helpful to improve its sensing performance. Therefore,
combining the hybrid characteristics of MOFs and specific optical properties of LGs, for the
preparation of LG@MOF composites, with complex pore structures and excellent optical
properties, is a promising strategy to fabricate a new generation of fluorescent sensors.
To date, an increasing amount of scientific attention has focused on the mechanism and
application of these LG@MOF-based nanocomposites. However, there are few reviews on
portable colorimetric methods and applications for in situ detection and analysis.

Herein, the construction of LG@MOF sensors and their recent advances in portable
fluorescence sensing platforms are reviewed (Figure 1). Lanthanide ions, carbon quantum
dots, luminescent complexes, organic dyes, and metal nanoclusters, are encapsulated in
MOFs to construct LG@MOF sensors for fluorescence detection of various analytical targets,
such as ions, biomarkers, pesticides and preservatives. The prospects for future research in
this field and the remaining challenges are also discussed. This review aims to provide an
overview of portable fluorescence sensors, focusing mainly on recent research, in the last
decade (2012–2022).Biosensors 2023, 13, x FOR PEER REVIEW 3 of 31 
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ergy transfer (FRET) [57] (Figure 2A). In addition, γ-cyclodextrin MOFs (γ-CD-MOFs) 
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2. Synthetic Protocols and Design Guidelines

The structure and performance of LG@MOF systems are significantly impacted by
the synthetic methods used. The syntheses of this family of LG-encapsulated systems, can
currently be classified into two main categories, including “post-synthesis” and “in situ
synthesis” techniques.

2.1. Post-Synthetic LG Confinement Methods

The post-synthetic LG confinement method, refers to the introduction of the LG or
precursor by chemical modification, after the synthesis of the MOF material, without
destroying the original structure of the MOF. If it is a monomer, the size of the guest must
be relatively smaller than the pore window aperture of the MOF host; if it is a precursor,
further synthesis steps are necessary to create the appropriate guest [55,56]. The advantage
of post-synthetic LG conferment methods, is that the structure of MOFs is modifiable and
controllable. For example, Xu et al. first synthesized the MOF (UIO-66), and proposed
a universal and flexible strategy to effectively encapsulate hydrophobic guests in MOF
capsules (MOF-Cs), without complicated modification. The interaction of the MOF-Cs
with encapsulated hydrophobic dyes enhanced the fluorescence resonance energy transfer
(FRET) [57] (Figure 2A). In addition, γ-cyclodextrin MOFs (γ-CD-MOFs) have been created
and exploited as platforms for dye molecule encapsulation. Peng et al., proposed a simple
and effective approach for the preparation of core–shell γ-CD-MOFs, which allows for
the effective manipulation of the growth of the γ-CD-MOF shell. The proposed technique
allows for more controlled integration of the FL and RhB dyes into the γ-CD-MOFs, thereby
improving the efficiency of the established technology [58] (Figure 2B). A 3D anionic
fluorescent MOF (In-dpda), with open 1D square channels, has been fabricated by Jiang
and co-workers. Sequential epitaxial growth is used to controllably produce classical
ZIF-8 with good guest encapsulation ability on the fluorescent core In-dpda, resulting
in a ZIF-8-on-In-dpda heterostructure, thanks to the high lattice matching (>97.8%). In
addition, by timing the encapsulation of fluorescein with the epitaxial development of ZIF-8
nanoparticles, a sophisticated ratiometric fluorescence sensor F-10c⊂ZIF-8-on-In-dpda is
also produced. This sensor has a low detection limit, of 4.7 nM, and high sensitivity to
biogenic amines [59] (Figure 2D).
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Figure 2. (A) Schematic description of the fabrication process of MOF-Cs. (B) Schematic description
of the fabrication process of dye@γ-CD-MOFs. (C) Schematic description of emission maps of
spectra recorded in the 253–353 K range. (D) Schematic description of the fabrication process of
three-dimensional (3D) anionic fluorescence MOFs. (E) Schematic description of the SEM images
of ZIF-8-on-In-dpda and EDS mapping images of ZIF-8-on-In-dpda (30 cycles). Reproduced with
permission from [57–59]. Copyright 2020, American Chemical Society; 2022, American Chemical
Society; and 2022, Elsevier.
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2.2. In Situ LG Confinement Methods

The in situ nanoconfinement approach may also be used to fabricate LG@MOF systems.
This packaging method can be simply described as directly combining with the basic
building blocks of an MOF (i.e., metal source and organic connector) before the formation
of the MOF structure. If the size of the object is larger than the pore size of the MOF, it can
also be successfully encapsulated. Compared with post-synthetic LG confinement methods,
the synthesis method is simpler and more convenient. For example, Xia et al. presented a
hierarchical MOF-on-MOF confinement technique. By using in situ encapsulation and seed-
mediated synthesis to build a multilayer ZIF-8@dye@ZIF-8@dye, two types of size-matched
dyes (perylene and rhodamine B) were included within the readily available ZIF-8 [60]
(Figure 3A). Xu et al., fabricated a variety of single-phase dyes@In-MOF phosphors in
situ, and the study significantly increased dye loading and quantum efficiency, while
significantly reducing dye leakage [61] (Figure 3B). Yi et al., used a simple one-pot in
situ selective self-assembly synthesis method, to effectively synthesize carbon dot (CD)-
chelated Eu-MOFs, as dual-emission ratiometric fluorescence (RF) probes. The prepared RF
probe has an efficient self-calibration capability and performs highly sensitive and selective
detection [62] (Figure 3C). For RF sensing of water in organic solvents, Yin et al. created a
guest-encapsulated MOF, Ru@MIL-NH2, containing 2-amino terephthalic acid, AlCl3, and
Ru(bpy)3

2+, by a simple one-pot method [63]. Ma et al., directly prepared unique MOFs
from a one-pot hydrothermal reaction, using CDs as the skeletal center. By combining the
prepared samples, phosphors with brilliant white light can be produced, which can be used
in white light-emitting devices [64] (Figure 3D).
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from [60–62,64]. Copyright 2022, Royal Society of Chemistry; 2022, American Chemical Society; 2020,
Elsevier; and 2019, Elsevier.

3. Encapsulation of Different Luminescent Guests in the MOFs

Given the extreme tunability of MOF structures, a similar diversity in luminous guest
types is expected. In general, MOFs can aid in enhancing and improving the luminescence
performance of the encapsulated guests for the majority of guest types, primarily by:
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(1) reducing the ACQ effect and enabling many guests which can only fluoresce in solution
to achieve solid-state luminescence, (2) imposing a caging effect on the guests, thereby
reducing the non-radiative decay of the guests and increasing their lifetime (τ) and quantum
yield (Φ), and (3) there are several MOFs, including ZIF-8, UiO-66, and ZIF-71, which have
good thermal and water stability. By using these stable MOF hosts as “shields”, the
trapped guests can be shielded, made more stable, and their range of applications extended
(Section 6). Organic dyes, metal ions, metal complexes, and nanoclusters, quantum dots,
and inorganic–organic (hybrid) perovskites, are the main categories of LGs currently being
explored in LG@MOF. The following sections give some current examples of LGs in MOFs.

3.1. Lanthanide Ions

Lanthanide metal ions exhibit distinct luminescence characteristics such as a narrow
emission peak, large Stokes shift, high fluorescence intensity, and long lifetime, etc. In
recent decades, research on lanthanide metal ions has grown exponentially, worldwide.
Researchers have mostly studied MOFs doped with lanthanide metal ions, in addition to
MOF material built with lanthanide metal ions as the atomic center [65,66]. Wang et al.,
fabricated dual-emission Eu3+@MOFs, by encapsulating Eu3+ ions in an MOF host, as a
multi-target and self-calibrating probe for the detection of Fe3+ and Cr (VI) ions [67]. Due
to its wide pores and excellent luminescence capabilities, Liang et al. used Eu3+@MOF as a
luminescent probe for highly selective Cu2+ detection, which is simple and intuitive, by
changing the emission color (from red to blue) [68]. Xiao et al., synthesized the Eu3+@Mn-
MOF with a stable structure and dual emission fluorescence properties, using the post-
synthetic modification (PSM) strategy, with emission peaks derived from ligands and Eu3+

characteristic emission (antenna effects), enabling fluorescence color transitions between
acidic and alkaline solutions, as pH-adjusted toning sensors [69]. Therefore, Eu3+@Mn-MOF
can be designed as a “histidine-sensitive” fluorescent probe, with the advantages of low
detection limit, high sensitivity, and short response time, which has potential applications
in the field of biological detection. Luo and co-workers designed Eu3+@MOF-253 with
exceptional selectivity and high sensitivity (LOD, 0.66 µM) for Cu2+ ions in an aqueous
solution, due to great suppression of the Eu3+ luminescence [70]. Similarly, by fluorescence
quenching of Eu3+ and MOF over other metal ions, Eu3+@MIL-124 was created as a highly
sensitive and selective probe for the detection of Fe3+ (LOD, 0.28 M) and Fe2+ ions [71].

In addition, some other lanthanide metal ions are used to dope MOFs. For example,
Ji et al., prepared a fluorescence-functionalized Tb3+@Zn-MOF, which not only exhibited
excellent chemical stability but also showed high Tb3+ emission. Tb3+@Zn-MOF was a
sensitive luminescence platform with a fast response time of 10 s and a low LOD of 0.1 ppm,
for the reversible detection of PO4

3− ions in aqueous and living cell buffers [72]. Tb3+

ions are encapsulated in classical MOFs with uncoordinated N atoms in the pores. Wu
et al., prepared Tb3+@In-MOF as a food preservative sensor and water scavenger for NO2−,
demonstrating a highly sensitive ability to detect NO2− in real water samples [73]. Wang
et al., prepared a Tb3+@Cd-MOF, which exhibited good luminescence and caused a signifi-
cant quenching effect in the light emission of Tb3+ upon the addition of Cr3+, and used it as
a highly sensitive and selective probe for the detection of Cr3+ [74]. These new lanthanide
MOFs have many applications in biosensing, imaging, and environmental analysis.

3.2. Quantum Dots

Quantum dots (QDs) are 2–10 nanometer semiconductor nanocrystals, with a broad
absorption band, a narrow and symmetric emission band, and photobleaching stability.
However, QDs can agglomerate after precipitation and drying [75]. A large number of stud-
ies have reported that integrating QDs with porous materials such as MOFs, can effectively
inhibit electron transitions and holes and improve their stability [76]. By encapsulating
polyethylene glycol (PEG)-capped ZnS QDs in ZIF-67 at room temperature, Asadi et al. de-
veloped a brand new MOF-based host–guest hybrid system, that enabled highly sensitive
and precise detection of Cu (II) ions in water samples [77]. The resulting QDs/CDs@ZIF-8
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composite possessed the advantages of an RF sensor, as well as the ability to firmly adsorb
target analytes. The composite was used to detect Cu2+ ions, and showed great stability
and dispersibility in an aqueous solution [78]. Furthermore, by encapsulating CDs and
mercapto acetic acid-modified CdTe QDs in situ in MOFs, Yi et al. successfully synthesized
a novel dual-emission RF fluorescent probe CDs/QDs@ZIF-8 for the precise and highly
sensitive continuous detection of Pb2+ (turn-off) and PO4

3− (turn-on) in biological samples.
When Pb2+ was added, the fluorescence of CDs/QDs@ZIF-8 changed from red to blue;
however, when PO4

3− was added, the Pb2+ on the surface of the material was removed
and the fluorescence of the probe was restored [79].

In addition, carbon dots (CDs) is another luminescent ligand that can be encapsulated
in MOF. Nitrogen-doped CDs can self-assemble into well-defined spherical nanocompos-
ites (CD@ZIF-CuNC) by physical adsorption. H2O2 strongly reduces the fluorescence of
CD@ZIF-CuNC at 620 nm after 1 min, while it has minimal effect on the emission at 460 nm.
As a result, ratiometric quantitation of H2O2 was achieved using 620 nm fluorescence as
the report signal and 460 nm fluorescence as the reference signal [80]. For the detection of
Cu2+, CDs were encapsulated in Eu-DPA MOFs by Hao et al. When used as the detection
and reference parts, respectively, the fluorescence of the Eu-DPA MOFs decreased in the
presence of Cu2+, while the fluorescence of the CDs remained constant, resulting in a
ratiometric fluorescence response to Cu2+ [81]. Similarly, by encapsulating optically active
CDs and Eu3+, a novel, extremely fluorescent hybrid Eu3+/CDs@MOF-253 based on MOFs,
was prepared. The fluorescent-functionalized MOFs possessed high water stability, in
addition to retaining the excellent optical properties of CDs and Eu3+ to produce dual
emissions [82].

3.3. Luminescent Complexes

Metal cationic complexes have stable fluorescence signals in water and organic sol-
vents, such as iridium and ruthenium [83]. Their chromophores in MOFs can improve
fluorescence performance [84]. Yin et al., used a one-pot method to encapsulate the red flu-
orescent cation complex Ru(bpy)3

2+ in the MIL-101(Al)-NH2 pore, with blue fluorescence
emission, with the emission peaks located at 465 nm and 615 nm.

High sensitivity, low detection threshold, wide detection range, quick reaction, robust
stability, and recyclable use are all benefits of the Ru@MIL-101(Al)-NH2 fluorescence
sensor [63]. Zhao et al., encapsulated [Ir(CF3-PPY-F2)2(bpy)]+ (green fluorescence) and
[Ru(bpy)3]2+ (red fluorescence) in the blue fluorescence (ME2NH2) [Zn2(L) (H2O)]·4DMA.
The presence of volatile organic solvents changed the energy transfer efficiency of the MOFs
to the two cationic complexes, thereby changing the color of the complexes from blue to
white. When a nitroaromatic hydrocarbon (gaseous state) was detected, the color of the
complex became significantly darker. By coordinating the red, green, and blue fluorescence,
a multidimensional fluorescence probe was constructed, which can detect volatile organic
solvents and nitroaromatic hydrocarbons (in gaseous form), and has the advantages of
high sensitivity, good selectivity, and low cost [85]. MnO2 NSs prevented the release
of Ru(bpy)3

2+, which in turn suppressed the effect of Ru(bpy)3
2+ fluorescence. When

GSH was added, MnO2 was oxidized to Mn2+, which again increased the fluorescence of
Ru(bpy)3

2+-UiO-66. Furthermore, with an LOD of 0.28 M, MnO2 NS@Ru(bpy)3
2+-UiO-66

can be used to detect GSH in cancer cells [86].

3.4. Organic Dyes

Recently, fluorescent dyes have been favored as a unique chromophore, due to their
properties such as cheap, accessible high photoluminescence quantum yield, stable op-
tical performance, low toxicity, excellent biocompatibility, wide emission wavelength
range, and intrinsic selectivity for the analyte [87]. Organic dyes with superior fluores-
cence performance are often used as a chromophore to regulate fluorescence, such as
cyanine, rhodamine, fluorescein, EY, coumarin, methylene blue, 4-(p-dimethylene styrene)-
1-methylpyridine (DMASM) [88]. The introduction of fluorescent dyes into the pores of
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MOFs can inhibit the aggregation-induced quenching effect (ACQ) in the solid state [89,90],
and its superior optical properties are therefore activated. For example, Feng et al. prepared
HCAA@UiO-66, which displayed robust fluorescence emission as well as a highly selective
fluorescence response to Fe3+ ions. UiO-66’s crystalline or porous structure is unaffected
by the presence of HCAA in its pores. The fluorescence quenching was brought on by
the interaction of Fe3+ ions with HCAA@UiO-66 and the ACQ [91]. Li et al., rationally
designed fluorescent probes for the determination of inorganic phosphate (Pi). This probe
was constructed by loading uranine into the pores of ZIF-8, during which aggregation-
induced quenching occurred. In the presence of Pi, due to the decomposition of ZIF-8,
uranine was released, resulting in increased fluorescence. The probe was easily prepared
at room temperature by a one-step method, with a fast response of 3 min and a low LOD
of 0.2 µM [92]. The Rh110@MOF-801 fluorescent probe was prepared by Huang et al.,
using a one-pot synthesis technique, and was effectively used for nitrite detection. This
approach makes full use of rhodamine 110 (Rh110) molecules and porous MOFs, which not
only eliminates the disadvantages of hydrophobic dye molecules but also enhances their
fluorescent properties. The binding between nitrite and fluorescence recognition sites is
additionally promoted by the open structure and strong stability of porous MOFs, which
further enhances the detection capability. It can be used for quantitative detection of nitrite
content in tap water, as its fluorescence intensity is linearly negatively related to nitrite
concentration in the range of 2–7 µM and the LOD is as low as 0.2 µM [93].

3.5. Metal Nanoclusters

Fluorescent metal nanoclusters are a type of nanomaterial consisting of tens to hun-
dreds of metal atoms, between a single metal atom and larger metal nanoparticles. The size
of metal nanoclusters is close to the Fermi wavelength (<2 nm) [94]. Compared with larger
nanoparticles, metal nanoclusters have more unique physical and chemical properties,
thus showing excellent optical properties, such as adjustable fluorescence emission, large
Stokes shift, and high fluorescence stability. Compared with traditional fluorescent dyes
and quantum dots, the toxicity of fluorescent metal nanoclusters is greatly reduced, and
the biocompatibility is significantly improved, but the quantum yield of metal NCs is
low [95–97]. Therefore, some studies have been reported to improve the quantum yield.
Some MOF encapsulation-based metal nanoclusters can improve fluorescence performance.
This can be achieved by confining the metal nanoclusters within the MOF host, to generate
a core–shell composite. Importantly, the immobilization of metal nanoclusters in MOF hosts
can inhibit the clustering and aggregation processes that reduce luminescence efficiency.
For example, it has been observed that the properties of CuNCs improved when they were
confined within the framework of an MOF host.

Due to the restrictive structure of MOFs, the stability of CuNCs enclosed in an MOF
was extended from three days to three months, and the fluorescence intensity was raised
by roughly 35 times. By centrifuging in an aqueous solution, the CuNCs@GSH/MOF-
5 composites were extremely stable and recyclable as made [98]. Similarly, an in situ
encapsulation method of CuNCs for ZIF-8 was shown to increase the stability and emission
intensity of CuNCs. The blue emission intensity was reduced by 1.0 µM, to 10.0 µM, by
adding tetracycline to the CuNCs@ZIF-8 solution, and the LOD was 0.30 µM [99]. Chen
and co-workers prepared AuNCs@zinc glutamate MOFs (AuNCs@ZnGlu-MOFs), using
a unique one-pot method. Its good optical properties suggest that it could be used as
a selective and sensitive fluorescent probe for the detection of H2O2 and H2O2-related
analytes [100].

A novel dual-emission fluorescence sensor, CuNCs@Tb@UiO-66-(COOH)2, for the
detection of Cu2+ was prepared by encapsulating Tb(III) and glutathione-stabilized CuNCs
in UiO-66-(COOH)2, in a one-pot reaction. The fluorescence intensity of Tb3+ decreased
dramatically when Cu2+ was added to this ratiometric sensor, but CuNCs showed high
stability and an obvious color change [101]. Furthermore, Jalili et al. reported a ratiometric
fluorescent probe based on in situ integration of gold nanoclusters (AuNCs) and green
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emitting carbon dots (gCDs) in ZIF-8, for cephalexin (CFX) measurement. CFX selectively
quenches the fluorescence of AuNCs (630 nm) at doses ranging from 0.1 to 6 ng/mL, with
a low LOD of 0.04 ng/mL [102]. Given this promise, there is growing research focusing on
the development of metal NCs@MOF systems.

4. Portable Detection Device Smartphone Platform

To date, a large number of MOF fluorescence sensors have been reported, to detect
target analytes. However, for most of the reported fluorescent sensors, the fluorescence
emission signal is relatively single and susceptible to environmental factors, which cannot
meet the needs of rapid detection for field visualization. To address this problem, visual
portable detection, based on LG@MOFs, with a smartphone, may be an effective solution.
Smartphones can more accurately detect the color difference on each pixel, by calculating
RGB (red, green, and blue) values. Compared with traditional methods, the portable sensing
platform based on smartphones has obvious advantages such as low cost, real-time response,
easy operation, accurate measurement, and portability, and has been widely used in clin-
ical diagnosis [103–106], environmental monitoring [107–110] and food analysis [111–113].
Researchers have been actively engaged in fluorescence measurements compatible with
smartphones, to develop on-site sensing platforms for quantitative detection.

4.1. Surface Plasmon Coupled Emission (SPCE) Platform

This departure from conventional detection systems towards handheld devices has
been pursued on account of the advantages of the smartphone in terms of easy trans-
portability, unparalleled data acquisition ability, superior computing, and ever-refining
premium quality camera technologies [6,114–116]. The SPCE platform, is a prism coupling
technique, where the fluorescence is coupled to the surface plasmon polaritons (SPPs) of
the metal thin film, assisting in the realization of >50% signal collection efficiency. It has
been observed that the developed SPCE platforms can be synergized with the ubiquitously
available smartphone-based detection systems. For example, Bhaskar and co-workers
present dielectric-based nanostructured carbon florets (NCFs) for 1000-fold fluorescence
enhancements, to detect perindopril erbumine at a single molecule level on a smartphone-
enabled visual. It is observed that there is an excellent correlation between the luminosity
values (smartphone) and the SPCE enhancements, thereby establishing the effectiveness
of smartphone-based sensing in a reliable and reproducible manner [117]. Bhaskar et al.,
demonstrate the effect of HRI dielectric TiCN NCs, along with GO, in spacer nanointerface
as SPCE substrates, with unprecedented >800-fold emission enhancements. The SPCE
obtained for the different samples was captured using a smartphone, and the images were
processed using the color grab app to obtain the luminosity values [118].

4.2. Test Paper

With the shortage of resources today, portable online detection methods based on
visual test strips and smartphones are very popular, and related dye-coated sealed test
strip probes have also been reported [119,120]. Fluorescent paper chips, consisting of
fluorescent probes and paper strips with outstanding characteristics such as low cost,
easy fabrication, storage, and transportation, are ideal candidates for integration with
smartphones, for point-of-care (POC) detection, making the sensing process more intuitive
and convenient. Li et al., developed a dipstick-based chemiluminescence (CL) imaging
detection method to identify catechol, using a smartphone as a portable detector. As the
catechol content increased, the CL emission decreased accordingly. ∆Gray values were
calculated by subtracting the gray value obtained in the absence of catechol, from the gray
value measured in the presence of catechol. The concentration of catechol was calculated
from the ∆gray value. In the range of 5 to 100 mg/L, the gray values of the light spots
showed a strong linear relationship with the logarithm of the catechol concentration [121]
(Figure 4A). Yang et al., prepared a successful test paper for visual detection of Al3+. Under
UV light, the fluorescence of the test paper changed dramatically as the quantity of Al3+
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increased, which could be used to detect Al3+ qualitatively [122] (Figure 4B). Wang and
co-workers prepared a portable paper-based probe for the easy detection of TCA, which
exhibited a unique fluorescence shift. The FS@1 test strip (1 × 3 cm) was used by dipping it
in human urine samples for 1 min and drying it at room temperature. The fluorescence
images of these strips were captured using 365 nm UV irradiation. At increasing TCA
content, the fluorescence emission intensity of the test strips increased. The colors of
different intensities could easily be distinguished with the naked eye, allowing them to
assess the level of intoxication caused by TCE exposure [123] (Figure 4C). Furthermore, Fu
et al., created CDs@MOF(Eu) to detect doxycycline, by quenching the blue light emission
of CDs while enhancing the red light emission of MOF (Eu). In light of this result, a more
convenient test paper was first used as a novel instrument for doxycycline detection, whose
color changed from blue–purple to red when exposed to 365 nm UV irradiation [124]. Wang
et al., designed Eu3+@CdK-MOF as an excellent fluorescence sensor for the detection of
ornidazole (ODZ), as well as a portable ODZ test paper [125]. A fluorescence color change
was observed when the test paper was infiltrated with different antibiotics and different
concentrations of ODZ. The Eu3+@CdK-MOF test paper emits bright red fluorescence
under UV light at 254 nm in the presence of other antibiotics. The color of the test paper
changed from red to blue as the ODZ concentration increased from 0 to 1 mmol/L. As a
result, the portable ODZ test paper, which can be seen with the naked eye, has significant
practical value. Zhou et al., designed a novel dual-emissive fluorescence nanoplatform
for ATP sensing, based on a red emissive europium metal–organic framework (Eu-MOF)
and blue emissive gold nanoclusters (AuNCs). Moreover, a fluorescent paper-based sensor
was fabricated with the ratiometric ATP probes, which enabled easy-to-use and visual
detection of ATP in serum samples with a smartphone [126]. Kong et al., prepared a
BSA@AuNCs@MOF to detect heparin and chondroitin sulfate based on smartphones. The
dual-emission reverse change ratio fluorescence nanoplatforms possessed variations in the
emission intensity ratio at two different wavelengths, and the corresponding green-to-red
fluorescent color changes [127].
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Figure 4. (A) Schematic description of cobalt–imidazole metal–organic framework loaded with
luminol, for paper-based chemiluminescence detection of catechol with the use of a smartphone.
(B) Schematic illustration of application for AA and Al3+ detection by FL@UiO-67 solution, FL@UiO-
67 film, FL@UiO-67 test paper. (C) Schematic illustration of application for TCA detection by
test strips. (D) Schematic illustration of emission spectra of the FS@1 in the presence of different
concentrations of TCA in real urine. Reproduced with permission from [121–123]. Copyright 2021,
Springer; 2021, Elsevier; and 2019, Royal Society of Chemistry.

4.3. Membranes

Because of their affinity for nanoparticles, high mechanical strength, and non-toxicity,
biopolymers have been widely used as carrier materials. A growing number of reports
have reported that MOF-based cellulose composites exhibit stronger properties in both
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electrochemical and contaminant removal. For example, Zhang et al. used a simple one-
step solvothermal approach to prepare two electroactive polyoxometalate (POM)-based
MOF films (POMOFs), grown in situ on carbon cloth (NENU-3/CC and NENU-5/CC). As
a result, two types of film electrodes show enhanced electrocatalytic activity for bromate
reduction in an acidic solution. They can be used as electrochemical sensors for bromate
detection [128]. Wang et al., prepared a responsive dye@bio-MOF-1 film, that can be used
as a dual-emitting platform for enhanced detection of various nitro-explosives, including
nitroalkanes, nitramines, and nitrate esters [129]. When the concentration was reduced
to 1 µM, the film still showed a clear fluorescence response after 1 min of immersion in
explosive solutions, and the response was time-dependent. This result indicated that the
detection of explosives was fast and sensitive. Wang and co-workers synthesized high-
quality continuous copper network-supported MOF-5 membranes for the first time, using
vapor diffusion of an organic amine. The rate of organic amine diffusion and the reaction
temperature has a direct effect on the quality of the membranes produced. In addition, a
laser dye is effectively entrapped in such membranes in CHCl3. The dye-loaded MOF-5
membranes can be used in optics, particularly in laser systems [130].

4.4. Hydrogel

In addition to fiber membrane and test paper-based portable detection, the developed
hydrogel method has also attracted extensive attention. A three-dimensional network struc-
ture, using water as a dispersing medium, is known as a hydrogel. It is soft, dimensionally
stable, and has a high water absorption capacity. In addition, hydrogels have strong bio-
compatibility and biodegradability and are widely used in biomedicine. For example, RhB
was added to the stable Zr-based MOF UiO-66-NH2, to form a nanocomposite by Gao
et al. It is particularly suitable for accurate phosphate detection in challenging samples,
such as human serum. To facilitate the visual detection of phosphate in human serum, this
nanocomposite was encapsulated in agarose hydrogels [131] (Figure 5B). For the detection
of Cu2+, Wei et al. prepared GSH-Au NCs@ZIF-8 by encapsulating GSH-Au NCs with an
AIE effect in MOFs. In addition, due to its ability to inhibit the activity of AChE, thiocholine
(Tch), the hydrolysis product of acetylthiocholine (ATch) by acetylcholinesterase (AchE),
could coordinate with Cu2+ through sulfhydryl groups (-SH), resulting in a significant
fluorescence recovery. In addition, the combination of a hydrogel sensor with a smart-
phone sensing platform was investigated, to enable device-free, visual, and quantitative
monitoring of Cu2+ and OPs [132] (Figure 5C).
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ratiometric detection of phosphate. (B) Schematic illustration of the linear calibration curve of RhB@UiO-66-
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from [131,132]. Copyright 2022, Elsevier; and 2022, Elsevier.
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5. Sensing Applications

With the enrichment of human material wealth, health, environment, and food safety
have become hot issues of global concern. The human body, the environment, and food
are all inseparable systems. Toxic and harmful substances acting on any part of this
system will inevitably endanger human health and well-being. So far, effective monitoring
of toxic and harmful substances requires close integration of multiple disciplines and
technologies. Making full use of the integration advantages of new technologies, to achieve
efficient monitoring of toxic and harmful substances, has aroused the widespread interest
among scientific and technological researchers. Toxic and harmful substances released
from industrial and agricultural production activities seriously damage human health.
Therefore, it is of great significance to establish accurate detection methods for toxic and
harmful substances in human body fluids, the environment, and in food. In addition,
the lack of biological ions in the human body is closely related to the occurrence and
development of many diseases (Tables 1 and 2). Efficient monitoring technology can
achieve disease prevention and early detection. It provides a very important prospect
for clinical diagnosis. Therefore, detection technology with high sensitivity, specificity,
simplicity, rapidity, accuracy, recyclability, portability, visualization, and intelligence should
be developed.

5.1. Sensing of Ions

Metal ions are ubiquitous in our lives and the environment. An appropriate amount
of ions is beneficial to human health and the sustainable development of the environment.
However, when the ion concentration exceeds a certain standard, it will cause many serious
hazards, such as environmental pollution, ecological imbalance, and various physiolog-
ical diseases. Iron is a fairly abundant element, accounting for 4.1% of all elements on
the Earth. However, an excess of iron will cause environmental problems, such as soil
pollution and water pollution. Iron is an essential trace element for the human body and
is required for the production of many enzymes, e.g., myoglobin, and haemoglobin. It is
widely distributed in the blood, muscle tissue, liver, bone marrow, and other tissues, and
organs. When an organism takes in too much iron or lacks iron, it will affect the health
of people, animals, and plants. Accurate detection of metal ions is therefore essential for
maintaining the environment and preventing disease. Fluorescence detection, particularly
visual detection, has a fast response, high selectivity and sensitivity, and ease of operation,
compared to conventional analytical methods for detecting metal ions, such as atomic
absorption spectroscopy, inductively coupled plasma mass spectrometry, and electrochem-
istry [133–135]. Tao et al., prepared Eu3+/CDs@MOF, a novel composite material that emits
intense red light at room temperature and shows good fluorescence sensing properties for
Fe3+ ions, and the color change can be observed by the naked eye [136]. Li et al., fabricated
a dual-emitting composite by using a synthetic encapsulation technique to combine a fluo-
rescent dye, Eosin Y (EY), with a Zr-MOF, which was used as a self-calibrated luminescent
sensor for selectively detecting Fe3+. The fluorescence phenomenon gradually decreases
(yellow→colorless) [137] (Figure 6A). Liu et al., built a dual luminescent RhB@Mn-MOF
material, to selectively detect Fe (III) [138]. Cationic acriflavine dye, as a fluorescent dye
molecule, was selected to be introduced into the pores of anionic bio-MOF-1 through ion
exchange. The resulting Acf@bio-MOF-1 serves as a fluorescence sensing probe for the
specific and sensitive detection of Fe3+, which showed a distinct color change (blue to
green) [139]. By in situ encapsulation of luminescent RhB molecules into a blue-emitting
Zr-MOF, Zhang and co-workers created a series of dye@MOF composites, which have
tunable dual-emissive properties, one of which can be used as self-calibrating platform to
detect Fe3+ in water [140]. The color shift can be seen with the naked eye (red to colorless).
Such a robust and reliable smartphone-based detection system, assists in cost-effective
and portable analyte quantification routes. Furthermore, to re-emphasize the utility of the
colorimetric method for the development of biosensing frameworks, a comprehensive anal-
ysis of the literature is presented in Table 3. Here, the performance of different techniques
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for the detection of Fe3+, and its comparison with the fluorescence, is tabulated, where we
observed that only fluorescence has a better colorimetric performance.
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Figure 6. (A) Schematic illustration of the detection of Fe3+, Cr2O7
2−, and 2-nitrophenol, by the

luminescent sensor. (B) Schematic illustration of fabrication of the EY@Zr-MOF composite via the
in situ synthetic encapsulation method. (C) Schematic illustration of the concentration-dependent
fluorescent emission spectra upon the different contents of Fe3+ in aqueous solutions. Reproduced
with permission from [137]. Copyright 2019, American Chemical Society.

In addition, the Cu (II) ion, one of the metal ions in biological media, is important in
living systems. However, it is toxic to the human body when present in high concentrations,
and can lead to neurodegenerative diseases [141]. Therefore, it is essential to provide a
sensitive and focused fluorescent chemosensor for rapid on-site detection of Cu2+. For
example, Asadi et al. developed a brand new MOF-based host–guest hybrid system, by
encapsulating polyethylene glycol (PEG)-capped ZnS quantum dots (QDs) into ZIF-67. The
resulting PEG-ZnS nanohybrids benefited from the accumulation effect of ZIF-67, as well
as the FL sensitivity and selectivity of ZnS QDs towards Cu2+. The probe could detect Cu2+

over a wide concentration range, from 3 to 500 nM, with an LOD as low as 0.96 nM [77]
(Figure 7A). The PEG-ZnS QD@ZIF-67 sensor was then used to detect copper (II) ions in
tap water. The fluorescence studies of QDs@MOF showed a dramatic improvement in
the fluorescence quantum yield compared to the FL sensor based on QDs without MOF.
Similarly, Ma et al. synthesized QDs/CDs@ZIF-8 to detect Cu2+ ions with the color change
from orange to pink, which not only possessed the advantages of an RF sensor, but also
accumulated target analytes strongly, due to the adsorption ability of MOFs [78] (Figure 7B).
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The phosphate radical (PO4
3−) is intimately associated with many critical physiologi-

cal and pathological processes, as a vital metabolic and genetic substance in living systems.
However, increased PO4

3− concentrations are linked to cardiovascular disease and acute
renal failure. While numerous analytical methodologies for identifying PO4

3− have been
published, their use and promotion in quick and real-time detection are severely lim-
ited [142,143]. As a result, the development of a visualization approach for quick, low-cost,
and tiny equipment, has a very high practical application potential for on-site recognition
of PO4

3−. For example, Yi et al. fabricated a hybrid fluorescent NH2 and Eu3+@MOF-
808, to detect PO4

3−. The detecting platform’s fluorescence response to PO4
3− showed

a definite color shift (red→pink→blue). More importantly, the probing solution and test
paper from the embedded smartphone can be successfully translated into digital values
via RGB channels and used to show the semiquantitative identification of PO4

3− [144]
(Figure 8). The use of a smartphone with the developed probe and fluorescent test paper
platform, provides a unique approach for intelligent online identification of relevant targets
in biological and environmental samples.
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Hypochlorite (ClO−), a potent bactericide and disinfectant, is widely used in residen-
tial drinking water disinfection, bleaching, and wastewater treatment [145]. It is difficult



Biosensors 2023, 13, 435 14 of 29

to eliminate bacteria and viruses if insufficient ClO− is added to the water [146]. How-
ever, too much residual ClO− will result in a large number of hazardous by-products in
the water [147]. To detect ClO−, Xiong et al. prepared an Acriflavine@lanthanide metal–
organic framework (Acr@Eu(BTEC)), by covalently fusing an amino-rich dye (Acr) and a
carboxyl-rich Eu(BTEC), with a post-synthesis method [148]. The resulting fluorescence
sensor has two emission centers, one from Acr and one from Eu(BTEC). While the invariant
red emission from Eu3+ served as a reference signal, the robust green fluorescence from
Acr was strongly quenched in the presence of ClO−. Furthermore, the distinct fluorescence
color change, from green to orange to red, allows visual detection of ClO− with the naked
eye. This technique shows good performance in real conditions, suggesting that it has great
potential for water quality monitoring. Therefore, this visual encapsulation strategy can be
used to sensitively detect inorganic ions.

5.2. Sensing of Biomarkers

In the field of bioanalytical and clinical diagnostics, biomarkers associated with dis-
eases have attracted increasing attention [149–151]. Therefore, it is crucial to develop a
reliable biosensing technique for biomarker identification. Using a concerted post-synthetic
modification technique, Yi et al.,created a new water-stable Tb3+@MOF-808 for the identifi-
cation of aberrant bilirubin (BR) in serum and urine. Importantly, the developed fluorescent
probe was successfully applied to the preparation of portable BR test paper [152]. This
probe has realized portable colorimetric detection. Fu et al., incorporated carbon dots
(CDs) into a luminescent MOF(Eu), which showed remarkable doxycycline selectivity
and sensitivity. As a more practical test paper, that changed color from blue–violet to red
when exposed to 365 nm UV radiation, it was first used as a new tool for doxycycline
detection [124] (Figure 9A). Song et al., successfully constructed a new fluorescent material
doped with NOTT-220 for ratiometric fluorescence detection of the carcinoid biomarker HT
in serum. The energy transfer from the ligand to Tb3+ was inhibited in the presence of HT,
quenching the fluorescence emission at 545 nm while enhancing it at 350 nm. Meanwhile, a
promising method for visual HT assay was developed using the fabricated portable fluo-
rescent hydrogel as a multifunctional platform for simple, rapid, and real-time HT sensing,
with the color change being visible to the naked eye (green→colorless) [153] (Figure 9B).
This study not only created a novel method for ratiometric fluorescence and visual detection
of HT, but also expands the literature for future clinical early disease detection. Jia et al.,
functionalized the palygorskite (Pal) hybrid of MOFs as a new multicolor fluorescent probe
for the detection of the biomarker dipicolinic acid in bacterial spores (DPA), which showed a
pronounced color change (green→red). The results showed that the LOD of this multicolor
fluorescent probe was as low as 9.3 nM, which is significantly lower than the concentration
of anthrax spores that can infect a human body (60µM). In addition, a wide linear range,
of 0 to 35 µM, was achieved [154] (Figure 9C). Sun et al., developed a practical approach
method for NMF detection with luminescent Eu3+-functionalized MOFs (Eu(III)@MOF-1).
Even in the presence of other chemical constituents of urine, a significant increase in the
luminescence of Eu(III)@MOF-1 can only be achieved by NMF [155]. Moreover, a portable
test card is also produced for rapid detection (blue→pink). To monitor the poisoning of
DMF contact, the NMF sensing method can serve as a promising visual application.
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and the fluorescence images of Pal@FL@UiO-66-(COOH)2-Eu in the presence of DPA. Reproduced
with permission from [124,153,154]. Copyright 2018, Royal Society of Chemistry; 2022, Elsevier; and
2020, Elsevier.

5.3. Sensing of Pesticides

The abuse of pesticides has caused serious environmental pollution, so the develop-
ment of efficient, simple, and sensitive pesticide detection technology is a research focus in
the field of environmental science. Due to its high sensitivity, low detection limit, simple
operation, and low cost, fluorescence sensing detection has emerged as a development
direction for rapid quantitative detection of pesticides. For example, Wei et al. prepared a
series of eosin Y (EY)-embedded Zr-MOFs, using the synthetic encapsulation approach,
for pesticide detection, where EY@Zr-MOF achieved the selective detection of nitenpyram
with an obvious color change (blue→orange) [156]. Liu et al., prepared two europium-
post-doped MOFs Eu3+@1 and Eu3+@2, which can achieve the quantitative detection of
pesticides with high sensitivity and selectivity in an aqueous solution, exhibiting a color
change (blue→colorless) [157]. Cai et al., encapsulated AuNCs into an MOF, which can
cause the aggregation-induced emission (AIE) effect. Based on the dual ability of the
enzymolysis product of AChE and choline oxidase (CHO) on AuNCs@ZIF-8 to detect OPs,
the coupling of fluorescence and colorimetric signals was realized. A smartphone app
was also developed to improve the visualization results and allow real-time monitoring of
pesticide contamination. Colorimetric paper strips were used for visual semiquantitative
detection (blue→colorless) [158] (Figure 10).
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5.4. Sensing of Preservatives

In addition, a similar technique can be used to evaluate preservatives. An electron-
deficient MOF is used to encapsulate the anionic dye interhydrodiphenol B (PB), resulting
in a novel fluorescence “on” behavior, by preventing light-induced electron transfer. For
preservatives with different hues and visual (blue–red) quantitative discriminatory effects,
PB@UiO-67-CDC-(CH3)2 exhibits a distinctive fluorescence response that could be used for
sensing, switching, and anti-counterfeiting identification [159].

5.5. Stability of Sensors

Improved understanding should be sought about the photostability of LG@MOF
system-based portable devices subject to UV irradiation and other environmental factors.
Information on the long-term durability of LG@MOFs under ambient conditions is particu-
larly lacking in the literature [160], however, the stability of the sensor can be improved by
preparing it as a portable device, such as packaging it in a hydrogel. For example, Jia et al.,
designed an MOF-modified gel (Zn2@ZIF-8@SA) {[Zn(tbia)·H2O]·H2O}n(Zn2) that was
portable, had a good stability, compression resilience, and was toxicologically innocuous,
by a simple polymerization strategy, with which to detect and remove pesticides from the
environment. Indeed, the Zn2@ZIF-8@SA was stable in H2O, evaluated up to 30 days, and
in harsher environments including various organic solvents (i.e., N,N-dimethylformamide
(DMF), acetonitrile (CH3CN), ethanol (EtOH)) up to 7 days [161]. Lu et al., prepared
CDs@Fe/Zr-MOF based on a smartphone-assisted dual-color ratiometric fluorescence
smart gel label-based visual sensing platform. The results show that the fluorescence inten-
sity and basic morphology of hydrogel tags do not change with time (over 6 consecutive
days) at different temperatures (−20 to 35 ◦C), indicating that the smart tags used in this
system have good stability [162]. Jia et al., developed a simple and effective strategy for the
visual determination of BAs by dual-emissive metal–organic framework (MOF) probes and
color-transition hydrogels, to real-time monitor biogenic amines (BAs). Meanwhile, the sta-
bility of fluorescent sensory hydrogels was confirmed, by depicting the spoilage degree of
shrimp and fish at 4 and 20 ◦C for 3 days [163]. In addition, Subramaniam and co-workers
demonstrated the importance of exploring the sort nano-assemblies synthesized using a
lower temperature (−18 ◦C) gradient for surface-enhanced Raman scattering and associ-
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ated biosensing applications [164,165]. Following this revelation, in 2022, Ramamurthy and
co-workers demonstrated the utility of extremely low temperatures (−80 ◦C, −150 ◦C, and
−196 ◦C) for nano-assembly synthesis via cryosoret nano-engineering (CSNE), generating
metal, metal-dielectric and metal-graphene oxide-based hybrid nano-assemblies, with
tailorable plasmonic hotspots, for the realization of precise nano-assemblies and associated
photo-plasmonic hotspots, for applications in biosensing, using the SPCE platform [166].

6. Future Scope and Perspectives

It is encouraging that research on LG@MOF materials and their composite systems is
being widely addressed. Nano-confinement or encapsulation of LGs within an MOF host
is a fundamental shift from the traditional approach to producing LG@MOF materials with
inherent luminescence. The literature is rapidly increasing and, so far, a large number of
attractive photophysical and photochemical properties have been produced, with interest-
ing possibilities for innovative applications. In this review, we show the construction of
LG@MOF materials and their portable detection systems. However, this is accompanied by
the shortcoming of restricting the incorporation of smartphone-based detection technolo-
gies. Newer materials need to be investigated to overcome the above-mentioned challenges
and limitations. A summary of the methodologies and their performance, in terms of
merits and demerits of fluorescence spectroscopy, ion chromatography, SERS, SPCE, and
the electrochemical method, is tabulated in Table 4. These details are envisaged to assist
researchers in the broad domain of fluorescence spectroscopy and biosensors, to further
explore nano-engineering and biosensing modalities in this direction. With the increasing
number of reported LG@MOF systems and their potential applications, we can discover
the challenges surrounding this new field in time for further systematic investigation, from
the perspective of basic science and practical applications.

(1) Synthesis: the luminescence properties of LG@MOFs are mainly dependent on the
framework structure of the MOF materials and the synergistic effect between the
photon units. The main limitation of the framework structure is that the pore size,
structure, metal node, and organic ligand properties of MOFs must match the size,
surface charge, and inherent properties of the fluorophore. Synergism refers to the
relationship between the synergistic effects of different metal nodes such as photon
units, organic ligands, and guest molecules. Therefore, the relationship between struc-
ture and properties, preparation strategies, host–guest interactions, and synergistic
effects of LG@MOFs require further study.

(2) Detection: most detection methods are based on “off” processes, while LG@MOF
materials based on “on” processes can improve selectivity and sensitivity. At the same
time, most established LG@MOF sensors depend on the change in transmission signal
strength from a single transmission center, which may lead to false responses due to
the change in external conditions. The ratio fluorescence probe and self-calibration
method can eliminate environmental interference and improve detection accuracy. In
addition, it can also add an adsorption function and create a new luminous LG@MOF,
combining detection and eradication. Due to the complexity of actual samples and the
trace level of target pollutants, it is necessary to consider adding functional groups to
LG@MOFs, for sample purification and target analyte enrichment.

(3) Sensing mechanisms: the mechanism of fluorescence sensing still needs further in-
vestigation and theoretical calculations are needed to better understand the sensing
process. The mechanisms proposed by many reported studies on LG@MOFs are
either vague or speculative. The application of theoretical methods, such as density
functional theory (DFT), should be encouraged for LG@MOF systems. The main
challenges lie in modeling the dispersion correction and electronic structure of large-
scale systems with spatial constraints, and using DFT to simulate excited-state events.
Therefore, the recent development and implementation of a computationally efficient
but accurate DFT method, are expected to simulate the structure–property relationship
of large LG@MOF systems.
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(4) Application: the versatility of such composites and practical applications need further
exploration, such as the activity and selectivity for catalyzing tandem reactions, optical
imaging for biotherapeutics, diagnostics, and drug delivery characteristics. The use
of LG@MOFs with customizable sizes and shapes for targeted drug delivery, living
cell sensing, and imaging is also promising. In addition, sensing devices such as test
papers and luminescent labs-on-a-chip, should be designed for convenient use, by
the combination of the properties of LG@MOFs. Recent advances in high-resolution
3D printing, precision inkjet printing, electrospinning, and lithography, can also be
combined, to expand LG@MOF-based applications. We believe that, with continuous
research and improvement, a bright future for LG@MOFs in the field of fluorescence
detection can be expected.

7. Conclusions

In conclusion, this study reported on the development of research into the construction
of LG@MOF materials and their portable detection systems. More and more researchers
are interested in using LG@MOF for the measurement of ions, biomarkers, pesticides,
and preservatives. In addition, portable devices with smartphones are desired for real-
time applications in the field. These devices have the potential to meet critical needs for
simple, rapid, and accurate testing in remote and resource-constrained settings, and can be
used in a variety of detection platforms for monitoring biological phenomena, healthcare,
environmental pollution, and food safety.

Table 1. Performance of MOF-based fluorescent chemosensors for the detection of small or-
ganic molecules.

Targets MOF Color Change Linear Range LOD Ref.

1-N Eu3+@MOF-253 red→green 7 µg/mL [167]

OTC EuUCBA red→colorless 0.118 µM [168]

CTC red→colorless 0.228 µM

MTC red→colorless 0.102 µM

MOC red→colorless 0.138 µM

TC red→colorless 0.206 µM

DOXY red→dark 0.078 µM

DCNA Eu3+@Zn-MOF-NS red→pink 0.17 µM [169]

4-NA Eu3+@Zn-MOF red→dark 6.01 µM [170]

Rotenone Eu@Zn-MOF red→dark 2.31 × 10−7 mol/L [171]

Carbaryl Eu3+@MOF-253 red→yellow 0.2–200 µg/L 0.14 µg/L [172]

TBZ Tb3+@MOF green→blue 0–80 µM 0.271 µM [173]

H2S Tb3+@MOF blue→green 10–600 µM 1.20 µM [174]

H2O Tb3+@pCDs/MOF red→green 0–30% 0.28% [175]

Pesticides AuNCs@ZIF-8 blue→colorless 0.75 µg/L–100 mg/L 0.4 µg/L [158]

PA RGH-Eu(BTC) orange→yellow 0–100 µM 0.45 µM [176]

ALP SQDs@ZIF-8 blue→colorless 0.15–50 U/L 0.044 U/L [177]

GLP N-CDs@MOF blue→colorless 0.01–6.67 mg/L 9.06 µg/L [178]

Ammonia ZnQ@Zn-BTC pink→green 0.1–2 mg/L 0.27 mg/L [179]

Kanamycin ZIF8@TPE/Aptamer green→blue 10–103 ng/mL 7.3 ng/mL [180]

OTC NH2-BDC@FMIL-
53(Al)-3 blue→green 0.3–4.0 µM 0.18 µM [181]

Abbreviations: 1-N, 1-naphthol; OTC, oxytetracycline; CTC, chlortetracycline; MTC, methylenetetracycline; MOC,
minocycline; TC, tetracycline; DOXY, doxycycline; TBZ, thiabendazole; 4-NA, 4-nitroaniline; BPA, bisphenol A;
QD, quantum dot; CQD, carbon quantum dots; PAT, mycotoxin patulin; DCNA, 2,6-dichloro-4-nitroaniline; RGH,
rhodamine derivative; PA, picric acid; GLP, glyphosate; OTC, oxytetracycline.
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Table 2. Performances of MOF-based fluorescent chemosensors for the detection of inorganic ions.

Targets MOF Color Change Linear Range LOD Ref.

Fe3+ CD@Eu-MOF purple→red 1–200 µM 0.91 µM [170]

Eu3+/CDs@MOF red→colorless 0–6 µM 0.034 µM [182]

Tb3+@UiO6(COOH) green→blue 0–200 µM 0.23 µM [183]

SRB@UiO-66 red→pink 0.1–0.9 mM 3.693 µM [184]

Dye@bio-MOF-1 green→dark 10−5–10−2 M [185]

Cu2+ ZnS QDs@ZIF-8 yellow→blue 0.05–5 µM 16 nM [186]

BPEI-CQDs/ZIF-8 blue→colorless 2–1000 nM 80 pM [187]

ZTMs@FITC red→green 0.1–5 µM 5.61 nM [188]

Hg2+ Eu3+/CDs@MOF-253 blue→red 0.065–150 µM 13 µg/L [82]

CDs@Eu-MOFs blue→red 0–300 µM 0.12 nM [189]

Ag+ Eu3+@MIL-121 colorless→red 0–100 µM 0.1 µM [190]

Pb2+ CDs/QDs@ZIF-8 red→blue 0.04–60 µM [79]

PO4
3− CDs/QDs@ZIF-8 blue→red 0.25–50 µM 9.42 nM [79]

Table 3. Comparison of the performance of the techniques/strategies developed to detect Fe3+ with
the platform using fluorescence, presented along with their colorimetric method, limit of detection
(LOD), and the linear sensing range.

Sl. No Strategy/Approach Adopted Nanomaterial Used Colorimetric LOD Linear Range Ref.

1 Electrochemical method Cu-MOF 14.5 fM [191]

2 Electrochemical method Tb-MOF 4.84 µM [192]

3 Electrochemical method Iodide-enhanced
Cu-MOF 200 nM [193]

4 SPCE platform
C-dots modified screen
printed carbon electrode

(SPCE)
0.44 ppm 0.5–25 ppm [194]

5 Spectrophotometry Casein-capped gold
nanoparticles (AuNPs) 450 nM 0.1–0.9 µM [195]

6 Surface-enhanced Raman
spectroscopy (SERS) Phenanthroline probe 0.001 ppm 0.01–0.001 ppm [196]

7

Voltammetry
(cyclic voltammetry and

differential pulse
voltammetry)

Quercetin 3.6 nM 17.9–716.0 nM [197]

8 Electrochemical method N, S doped GQD 0.23 nM 1–100 nM [198]

9 Ion chromatography Ionic liquids 0.09 ppm 1–100 ppm [199]

10 Interferometric optical
microfiber method

Ditrogen- and
sulfur-codoped CDs 0.77 µg/L 0–300 µg/L [200]

11 Surface plasmon resonance
optical detection

CTAB/hydroxylated
graphene quantum dots 0.1 ppm [201]

12 Fluorescence CD@Eu-MOF blue→pink 0.91 µM 1–200 µM [202]

13 Fluorescence Acf@bioMOF yellow→colorless 1.33 µM 0–370 µM [139]

14 Fluorescence EY@Zr-MOF blue→yellow 0.1 µM 0–1 mM [137]
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Table 4. Summary table of the comparison of the performance of the recent techniques/strategies
developed for biosensing with fluorescence spectroscopy, presented along with their advantages
and disadvantages.

Sl.
No. Strategy/Approach Adopted Methodology in Brief Advantages Disadvantages Ref.

1 Electrochemical method

Studying the interconversion of
chemical and electrical energy and
the related phenomena and laws in

the process of conversion.

• Fast response time
• High sensitivity
• Selectivity
• The possibility to achieve

real-time measurements.

• Short life span
• Limited temperature

range
[203,204]

2 Spectrophotometry

Qualitative and quantitative
analysis of a measured substance,
by measuring the absorbance of

light at a specific wavelength or in a
certain wavelength range.

• Simple instrumentation, easy
and fast operation • Relatively inaccurate [205–207]

3
Surface plasmon
coupled emission

(SPCE)

Prism-coupling technique, where
metallic thin film is coupled to the

prism and the emission is
monitored via a filter, a polarizer, an

optic fiber, and a detector.

• High surface EM field
intensity on account of
generation of SPPs

• Low background noise
• High signal collection

• Multiple uses of the
same substrate are not
possible

• High Ohmic losses
• High surface-induced

quenching effects
observed

[208,209]

4 Surface-enhanced Raman
spectroscopy (SERS)

Determination of samples adsorbed
on colloidal metal particles such as

silver, gold, or copper, or on the
rough surfaces of these metal sheets.

• High detection sensitivity
• Fast analysis speed
• Low concentration and

non-destructive sample
required

• Difficult to control base
line relinearity and
stability

[210–212]

5 Ion chromatography

It is a liquid chromatographic
method for the analysis of anions

and cations and belongs to the
category of high-performance liquid

chromatography (HPLC).

• High capacity and stability of
ion chromatography
separation columns

• Poor qualitative ability [213–215]

6 Fluorescence
spectroscopy

The emission from the fluorescent
molecules present in the cuvette is
captured using a detector placed at

90◦ to the light source.

• High sensitivity
• Highly versatile method
• Portable visual fluorescence

sensing compared to other
method

• High background noise
• Low spectral resolution

[215–218]
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