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Abstract: Arsenic is a well-known, highly toxic carcinogen element that is widely found
in nature, with numerous studies highlighting its hazardous impact on human health
and the environment. Therefore, considering its toxicity and adverse health effects on
mammals and the environment, rapid, sensitive, and effective methods for the recognition
of arsenic are necessary. Over the past decade, a variety of fluorescent probes, such as
small molecules, nanomaterials, gold nanoparticles (AuNPs), carbon dots (CDs), quantum
dots (QDs), and more, have been designed and successfully employed for the recognition
of lethal arsenic. Compared to other conventional sensor materials, sensors based on
metal-organic frameworks (MOFs) are advantageous due to their simple preparation, easy
functional group modulation, large specific surface area, and excellent chemical stability.
In recent years, MOFs have been utilized as dual-functional materials for the detection and
adsorptive removal of arsenic from water. This unique functionality distinguishes MOF-
based materials from conventional sensors and arsenic adsorbents. Herein, we provide an
overview of the state-of-the-art knowledge on the current development of MOFs for the
fluorogenic detection of arsenic in aqueous media. Furthermore, the underlying detection
mechanisms are also summarized in this review. The existing challenges in this field
and potential remedial strategies for improving detection are elaborated upon in the
relevant sections.

Keywords: metal-organic framework; arsenic sensing; fluorescence sensor; aqueous
phase detection

1. Introduction

Arsenic exists in four oxidation states in nature: As(V), As(IIl), As(0), and As(—III).
Recent research shows that the consumption of arsenic, particularly arsenic (III) and arsenic
(V) ions, through food and drink has significantly increased [1]. Arsenic has already been
classified by the World Health Organization (WHO) as a class I human carcinogen [2]. In
response to emerging evidence on the chronic health effects of arsenic, the WHO revised its
guidelines in 1993, reducing the recommended arsenic concentration in drinking water from
50 pug/L to 10 ug/L [3]. The U.S. Environmental Protection Agency (EPA) also set the same
maximum contaminant level (MCL) of total arsenic in drinking water as recommended
by WHO [4]. The primary sources of arsenic in surface and groundwater are multifaceted,
encompassing both natural processes and human activities. Natural contributions include
soil erosion and magmatic activity, which introduce arsenic into water bodies [5]. However,
anthropogenic factors such as agricultural practices, industrial discharges, and mining
operations significantly amplify arsenic contamination. For instance, the operation of
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Biogenic sources

mines can release harmful pollutants, including arsenic, threatening local health and the
environment [6]. Unfortunately, arsenic is also widely used as a dietary supplement for
animals, primarily to prevent diseases, promote growth, and improve the pigmentation
of poultry meat, among other purposes [7]. The extensive use of agricultural chemicals
has resulted in the prevalence of organic arsenic, including methylated organic arsenic
(MOAs) and aromatic organic arsenic (AOCs), in the water ecological environment. Within
30 days, biotic and abiotic processes may convert the water-soluble AOCs in manure into
extremely deadly inorganic arsenic species (such as arsenate), which contaminate soil
and groundwater [8]. Among all four possible oxidation states for arsenic, plants and
animals are mostly harmed by the trivalent and pentavalent forms of arsenic [9]. It has also
been found that trivalent arsenic species exhibit greater toxicity compared to pentavalent
arsenic species [10]. Therefore, the detection of arsenic content is critical for biological,
environmental, medicinal, agricultural, and other relevant sectors, considering the health
concerns. Figure 1 summarizes the different sources of arsenic in the environment.

Natural sources
Volcanic eruption

Erosion of soil

Weathering of rocks

Hot springs

Arsenic
(A 3d"4s%p®
Metalloid

Anthropogenic sources
*  Agricultural

(pesticides/insecticides)
* Industrial (Pigment, textile)
*  Other (Municipal wastes etc.)

Figure 1. Different potential sources of arsenic.

This review provides a comprehensive and focused analysis of the recent advance-
ments in the fluorescent metal-organic framework (MOF)-based detection of arsenic in
aqueous environments. While several excellent reviews have been published in the past
decade on arsenic detection [11-16], there is a noticeable gap in the literature specifically
addressing fluorescence sensors for arsenic, particularly in aquatic systems. Although
the detection and removal of arsenic using MOFs have been extensively summarized, a
dedicated review on the fluorometric detection of arsenic by MOFs remains limited. Given
the rapid growth and heightened interest in this area, this review stands out by combining
the most recent developments in fluorescent MOF sensors for arsenic. It offers a detailed
classification of various MOF-based fluorescence sensors, exploring their types, specific
mechanisms, and the advantages of each approach in arsenic detection, thereby providing
a more focused and up-to-date resource compared to other reviews on this research field.
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2. The Adverse Impacts of Arsenic

Arsenic is one of the most prevalent metalloids in nature and is known to be carcino-
genic to living organisms. Chronic exposure to arsenic-contaminated drinking water can
result in both immediate and long-term adverse health effects. (Figure 2). Acute arsenic
intoxication has been reported to cause acute gastrointestinal syndrome (AGS) and acute
paralytic syndrome (APS) [17]. In APS, cardiovascular failure occurs, and central nervous
system depression is observed, partly due to the necrosis of both red blood cells (RBCs)
and white blood cells (WBCs) [18]. Arsenic (III) affects blood vessels, leading to impaired
circulation and symptoms such as tingling or numbness in the hands and feet. The early
manifestations of AGS include dysphagia, dry mouth, burning lips, and a characteristic
garlic-like taste [19]. Chronic arsenic exposure is associated with Blackfoot disease, a
well-documented vascular disorder [20]. Additionally, arsenic undergoes biomethylation
in the body, converting it into more toxic and carcinogenic forms [21]. Arsenic undergoes
enzymatic methylation in the body, primarily facilitated by arsenic (III) methyltransferase
(AS3MT). This process converts inorganic arsenic into methylated metabolites, including
monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA). However, arsenic ex-
posure can disrupt DNA methylation patterns, leading to the hypermethylation of tumor
suppressor genes such as p16 and p53, thereby increasing the risk of carcinogenesis. Ad-
ditionally, arsenic interferes with DNA repair enzymes, further contributing to genomic
instability and the potential development of cancer [22]. Chronic arsenic toxicity is com-
monly associated with specific skin patches in pigmentation and keratosis [23]. Several
studies have established a link between elevated arsenic levels in drinking water and an
increased risk of cancer in the skin, bladder, lungs, and other organs [20]. Global public
health is greatly affected by arsenic-induced sickness, including cancer, black foot, etc. [17].
Therefore, accurately determining arsenic concentrations in drinking and environmen-
tal water is crucial for identifying arsenic contamination. Prompt detection of arsenic
in water can aid in mitigating arsenic-induced health disorders and prevent long-term
exposure risks.

Affects on Cardiovascular

Affects on Nervous system
system

Affects on Endocrine

Affects on Respiratory system system

Affects on Liver, kidney,

Affects on skin (Black foot) bladder

Figure 2. Multiorgan effects of chronic arsenic exposure, impacting the nervous, cardiovascular,
endocrine, respiratory, hepatic-renal systems, and skin.

3. Conventional Techniques and Fluorometric Recognition of Arsenic

Various analytical techniques have been employed for the detection and quantification
of arsenic in aqueous media. These include Raman spectroscopy (RS), atomic absorption
spectroscopy (AAS), inductively coupled plasma mass spectrometry (ICP-MS), atomic
fluorescence spectrometry (AFS), atomic emission spectrometry (AES), total reflection
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X-ray fluorescence (TXRF) spectrometry, surface-enhanced Raman spectroscopy (SERS),
and laser-induced breakdown spectroscopy (LIBS), among others [24-30]. As discussed
in the previous section, it has been observed that an excessive utilization of arsenic may
cause several environmental and health hazards. In this context several conventional
techniques were employed for the detection and removal of lethal arsenic. However, these
methods are inherently expensive, complex, and dependent on large-scale machinery. While
they offer high detection sensitivity, several drawbacks hinder their further development,
including costly equipment, complicated operating procedures, labor-intensive sample
preparation, and the need for skilled personnel [16]. Owing to these constraints, a wide
range of electrochemical and optical techniques have been utilized for arsenic detection in
recent years [31-33]. Among these, optical detection technology—especially the fluorescent
probe—has emerged as an effective method for the rapid detection of arsenic due to its ease
of use, affordability, portability, accuracy, repeatability, selectivity, and ability to provide
quick, real-time biological and environmental monitoring [34]. Over the past decade,
various nanoparticles, quantum dots, carbon dots, small organic molecules, aptamers,
and MOFs have been extensively used for fluorescence-based detection of arsenic and
arsenic-derived compounds [14].

Fluorescence-based detection is non-destructive, providing rapid responses, high
selectivity, and enhanced sensitivity over a wide concentration range, making it an ideal
method for arsenic detection [31,35]. The interaction between the analyte and probe can
induce changes in the optoelectronic properties of the probe material, which demonstrates
changes in its emission spectrum. These interactions can be categorized into long-range,
short-range, and complex/collision-driven types [36]. Long-range interactions include
radiative energy transfer, where the target analyte absorbs emission from the probe, and
competitive absorption, where the analyte competes with the probe for excitation energy,
both of which lead to emission quenching [37]. In Forster resonance energy transfer (FRET),
dipole-dipole coupling between an excited donor and a ground-state acceptor chromophore
allows the transfer of energy without an electron exchange [38]. Depending on the system,
FRET may either quench the probe’s emission or enhance its fluorescence. Short-range
interactions, such as orbital overlap or collision between the analyte and probe, are also
important for certain sensing mechanisms. Additionally, complexation between the analyte
and the probe can result in various sensing interactions [39]. In cases where the fluorescent
probe consists of emitter and antenna moieties, the presence of an analyte may disrupt the
antenna effect, leading to quenching of the probe’s emission [40,41].

4. Key Features of MOFs for Fluorometric Detection

Desired selectivity, sensitivity, quick response time, material stability, and reusabil-
ity are required for a fluorescence sensor [42]. Among various fluorescent probes, next-
generation porous fluorescent MOFs have garnered significant attention due to their unique
properties. These materials are composed of metal-containing units and suitable organic
linkers, which contribute to their high versatility as sensors. MOFs possess unique proper-
ties that make them highly effective as chemical sensors. MOFs possess a highly porous
architecture that facilitates the preconcentration of analytes, thereby enhancing sensitivity
toward specific target molecules [34,43]. Several key characteristics are essential for MOFs
to function effectively as fluorescent sensor materials. Firstly, the well-defined, crystalline,
and tunable structure of MOFs significantly influences their emission properties. The
spatial arrangement and intermolecular interactions of the framework components play a
crucial role in energy transfer processes, thereby affecting the fluorescence behavior [44].
Secondly, biocompatibility is a fundamental requirement for the application of MOFs in
biomedical fields, particularly for in vivo studies [45]. A biocompatible material is one that
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does not cause harm to living tissues [46]. When designing MOFs for biomedical applica-
tions, a careful selection of non-toxic and biocompatible organic linkers is necessary [47].
Equally important is the choice of metal ions, as certain metals—such as Ca, Mn, Fe, Zn,
Mg, and Zr—have been identified as biocompatible due to their relatively high lethal-dose
thresholds (>1 g/kg), making them suitable for biological applications [48,49]. Thirdly, lu-
minescent properties in MOFs arise from multiple sources, including organic linkers, metal
centers, metal-organic charge transfer, and interactions with guest molecules [50-53]. These
diverse luminescence mechanisms enable the development of MOFs as highly efficient
luminescent materials for sensing applications.

5. Origin of Fluorescence in MOFs

Fluorescence in MOFs arises from various mechanisms, including the intrinsic emis-
sion of conjugated organic linkers (7-7t* or n-7t* transitions), metal-centered luminescence
(e.g., lanthanide f-f transitions), metal-to-ligand (MLCT) or ligand-to-metal charge transfer
(LMCT), and ligand-to-ligand charge transfer (LLCT). Additionally, guest-induced fluo-
rescence and framework interactions can further enhance or modulate the fluorescence
properties, making MOFs highly versatile for sensing and optoelectronic applications.

5.1. Ligand Based Fluorescence

The 7-conjugated rigid organic compounds containing heterocyclic or multi-carboxylate
groups are frequently used as ligands in fluorescent MOFs. The fluorescence properties
of these ligands, such as lifetime and maximum emission wavelength intensities, often
change upon MOF formation compared to their free ligand state. The molecules in the
solid state are brought closer together by molecular interactions, which permits charge
transfer among the organic ligands and causes a change in the spectrum, a broadening
of the emission band, and a loss of fine structure. Additionally, the overall coordination
environment, along with the spatial orientation and arrangement of the ligands within
the MOF framework, can influence their fluorescence properties [54]. These factors may
induce various interactions between or within organic ligand molecules, allowing for the
tunability of MOF luminescence by controlling these interactions.

5.2. Metal-Centered Fluorescence

Lanthanide-based MOFs predominantly exhibit metal-centered fluorescence due to
the progressive electron filling of the 4f orbitals in lanthanide ions. These ions display
characteristic narrow 4f—4f transitions, leading to luminescence across the ultraviolet (UV),
visible, and near-infrared (NIR) spectral regions. Specifically, Yb*, Nd>*, and Er®* emit
in the NIR range, while Eu®*, Tb3*, Sm3*, and Tm3* produce red, green, orange, and
blue emissions, respectively [55]. However, due to the forbidden nature of {-f transitions,
lanthanide ions exhibit inherently weak absorption, often necessitating high-power laser
excitation. This limitation can be mitigated by incorporating energy transfer mechanisms,
such as “luminescence sensitization” or the “antenna effect,” where organic ligands act as
sensitizers to efficiently transfer energy to lanthanide ions [56]. Leveraging the antenna
effect in organic ligands enables the development of highly efficient fluorescent lanthanide
MOFs for advanced sensing applications.

5.3. Charge Transfer Fluorescence

Charge transfer fluorescence in MOFs arises from permitted electronic transitions be-
tween excited and ground states. MOFs are known to exhibit two distinct forms of charge
transfer: metal-to-ligand (MLCT) and ligand-to-metal (LMCT) charge transfer [57,58]. In
LMCT, electronic excitation results in charge transfer from the confined orbital of the or-
ganic ligand to the metal-centered orbital, whereas MLCT involves the opposite process,
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where a charge is transferred from the metal-centered orbital to an organic ligand. These
transitions enable efficient energy transfer within the MOF framework, significantly influ-
encing its photophysical properties. Additionally, the emission characteristics of MOFs can
be modulated by the interplay between ligand-centered fluorescence and LMCT/MLCT
transitions, leading to diverse fluorescent behaviors.

5.4. Guest Induced Fluorescence

MOFs, with their highly ordered structures and tunable pore sizes, serve as exceptional
hosts for encapsulating luminescent guest species such as fluorescent dyes and lanthanide
ions [59]. Guest encapsulation often leads to significant modifications in the photophysical
properties of MOFs, broadening their potential applications in sensing, bioimaging, and op-
toelectronics. Lanthanide-doped MOFs, synthesized via cation exchange, exhibit enhanced
luminescence due to efficient energy transfer mechanisms [41]. Similarly, the encapsulation
of fluorescent dye molecules within MOFs has been widely explored, yielding hybrid ma-
terials with superior optical properties [60]. Compared to their unmodified counterparts,
guest-loaded MOFs demonstrate intensified and tunable fluorescence, making them highly
promising for molecular detection and advanced sensor applications. The various possible
modes of emission present in the MOF are shown in Figure 3.

Metal
emission

emission

Figure 3. Representation of possible emission modes in MOFs. Inorganic SBUs, blue sphere; organic
ligands, red cylinders; guest chromophores, yellow sphere inside. Reproduced with permission from
ref. [61] Copyright 2018, Elsevier.

6. Fluorometric Detection of Arsenic by MOFs

MOFs represent a rapidly developing class of materials of great interest, with
a wide range of applications in chemical and physical sensing, optoelectronics, and
imaging [61-70]. Since several MOFs exhibit high stability in water and tunable fluores-
cence properties, extensive research has been conducted on their use as sensing materials
in aqueous environments. This fluorescence property can be modulated upon analyte
interaction, leading to either fluorescence quenching (“turn-off” mechanism) or enhance-
ment (“turn-on” mechanism). Such fluorescence changes—whether in intensity or emission
wavelength—enable both the qualitative and quantitative detection of target analytes.
Over the past decade, MOFs have been extensively utilized for sensing a wide range of
substances, including metal ions, nitro explosives, volatile organic compounds, hazardous
chemicals, gases, biomolecules, temperature, pH, and humidity [71,72]. In the following
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section, we will focus on the fluorometric detection of arsenic and its derivatives using
MOFs, as this forms the core of our focus.

6.1. “Turn On” Sensing of Arsenic

It has been observed that the emission intensity of MOFs is significantly enhanced
upon the introduction of arsenic ions, a phenomenon known as “turn-on” sensing for
arsenic detection. Zhao et al. developed NH,-MIL-88(Fe) nano-octahedra, which was
successfully employed for the “turn-on” detection of As(V) ion [73] (Figure 4). The fluores-
cence intensity of NHp-MIL-88(Fe) is observed to be around 20 times lower than that of the
parent NH,-BDC ligand. The phenomenon of fluorescence quenching can be attributed to
the ligand-to-metal charge transfer (LMCT) action that occurs when the BDC-NH; ligand
is incorporated into the NHp-MIL-88(Fe) framework. It is interesting to note that after
the incubation of 6.6 UM As(V), the fluorescence signal of NH,-MIL-88(Fe) was enhanced
significantly. Additionally, a strong linear connection (R? = 0.9983) exists between the
concentration of arsenate in the range of 0.1-50 uM and the fluorescence intensity of NH;-
MIL-88(Fe). The limit of detection (LOD) value towards As(V) for this material is around
56 nM (approximately 4.2 ppb), which is remarkably lower than the arsenic threshold value
of 10 ppb (133 nM) in drinking water recommended by the WHO. Along with great sensi-
tivity, the material is also highly selective towards As(V) over several possible interfering
ions. The material is also capable to detect As(V) from practical environmental samples i.e.,
tap water and lake water samples. The exceptional enhancement effect of NH,-MIL-88(Fe)
towards arsenate results from the metal centers (Fes-p13-oxo clusters) inside the compound
competingly coordinating with arsenate. This leads to the release of the organic ligand
and an increase in fluorescence, which in turn enables the highly sensitive and selective
detection of As(V) [74]. This possible mechanism was validated by reliable analytical
techniques like 'H nuclear magnetic resonance spectra (NMR), X-ray powder diffraction
(XRPD), and scanning electron microscopy (SEM).

Tian et al. prepared an Ln-MOFs-based probe by employing europium as a metal
center and condensation product of 4-formylbenzoic acid and 4-amino-3-hydroxybenzoic
acid as ligands for the fluorogenic recognition of arsenate ion (AsO43~) [75]. Without
arsenate, the aqueous suspension of the sample showed a weak fluorescence near about
427 nm. On the other hand, when trace amounts of arsenate were added, the sample’s
emission intensity increased certainly, and the emission band progressively enhanced with
increasing concentration of arsenate (Figure 5). The specificity of the arsenate ion of the
probe was also examined by adding several possible interfering ions. Upon the addition
of the congeners, minimal effect was observed in the luminescence property of the probe.
The LOD value for the probe towards the detection of the probe is 17.8 nM. The periodic
density functional theory (DFT) calculation predicts that twisted features of the linker of
Ln-MOQOFs, as well as energy transfer from the linker to Eu ion, were mainly responsible for
the weak fluorescence property of the Eu-MOFs in the absence of the arsenate ion. In the
presence of arsenate ions, the twisting of the ligand unit is likely reduced due to hydrogen
bonding interactions between the arsenate anion, the phenolic hydroxyl group, and the
imine nitrogen. This interaction is predicted to enhance the rigidity of the unit and restrict
the C-N isomerization of the linker [76,77]. Thus, it was found that Ln-MOF’s fluorescence
was enhanced in the presence of arsenate as opposed to its fluorescence in its absence.
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Figure 4. (a) Fluorescence spectra of the NH,-MIL-88(Fe) aqueous suspension (50 mg L) upon the
addition of different concentrations of As(V) [0.1 to 50 uM] under excitation at 350 nm; (b) linear
fitting plot between the fluorescence intensity of NH,-MIL-88(Fe) and the concentration of As(V).
Reproduced with permission from ref. [73] Copyright 2017, RSC.
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Figure 5. (a) Emission spectra (excited at 350 nm) of aqueous suspension of Eu-MOF sample in
the presence of arsenate ion with concentration in the range of 0 uM (black line) 10 uM (blue line).
(b) Time courses of the photoluminescence intensity change of Eu-MOF upon storage at room
temperature for up to 30 days. Reproduced with permission from ref. [75] Copyright 2021, Elsevier.

A highly water-stable fluorescent cationic MOF (iMOF-4C) for the “turn-on” detection
of HAsO42~and HAsO32~ in an aqueous medium was reported by Ghosh et al., which
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was synthesized by a d!° metal ion (Zn?*) system and tripodal neutral N-donor linker
(1,1-(5' (4 (1H-imidazol-1-yl)phenyl)-[1,1":3/,1”-terphenyl]-4,4”-diyl)bis(1H-imidazole) [78].
When HAsO,42~ and HAsO32~ were added incrementally, iMOF-4C showed an increase in
fluorescence intensity under UV vis light as well as a fluorescence “turn-on” response. In
the presence of other competing anions, the probe is greatly selective towards HAsO,%>~and
HAsO52~ ions (Figure 6). The LOD values of the material towards HAsO42~ and HAsO32~
were calculated to be as low as 8.3 uM and 9.9 uM, respectively. The DFT calculations
provide mechanistic insights into the sensing behavior of the material. Compared to iMOEF-
4C, the AE (energy gap between HOMO and LUMO) values for iMOF-4C@HAsO,?~ and
iMOF-4C@HAsO32~ are notably lower, which may facilitate electron transfer and enhance
emission intensity [79]. Hence, a good correlation was observed between the experimentally
obtained patterns and the theoretically predicted fluorescence emission patterns.
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Figure 6. Fluorescence turn-on response of iMOF-4C with the inclusion of (a) HAsO42~ (0 to
240 uL) and (b) HAsO32~ (0 to 220 uL); a linear fit of (Iy/I —1) vs. concentration of the analyte
for iMOF-4C in a low concentration region for (c) HAsO,2 and (d) HAsO32~; comparison of the
fluorescence response of iMOF-4C in the presence of other competing anions toward (e) HAsO4?~
and (f) HAsO32~. Reproduced with permission from ref. [78] Copyright 2021, RSC.

High-performance arsenate (As (V)) sensing using a ratiometric fluorescence biosen-
sor based on acid phosphatase and hemin loaded multifunctional Zn-based MOF
(ACP/hemin@Zn-MOF) was reported by Pan et al. [80]. Hemin demonstrates peroxidase-
like activity in ACP/hemin@Zn-MOF, and the 2-aminoterephthalic acid ligand brings the
inherent fluorescence at 452 nm in ACP/hemin@Zn-MOF. Due to the inner filter effect
(IFE), the intrinsic fluorescence of ACP/hemin@Zn-MOF (452 nm) was weakened when
it catalyzed the oxidation of o-phenylenediamine (OPD), resulting in the production of
fluorescent 2,3-diaminophenazine (DAP) with an emission signal at 564 nm [81]. The
ascorbic acid 2-phosphate (AAP) can be hydrolyzed by the loaded ACP to produce ascorbic
acid (AA), which has some reducibility and can inhibit OPD oxidation competitively. This
results in the recovery of the ACP/hemin@Zn-MOF one (452 nm) and the suppression of
the DAP signal (564 nm). Upon the addition of As (V), ACP becomes irreversibly poisoned,
preventing it from hydrolyzing AAP. This results in the recovery of the fluorescence signal
at 564 nm and the suppression of the one at 452 nm [82]. The LOD of this probe for As
(V) is 1.05 ng/L, which can fully satisfy the requirements for harmful As(V) detection in
numerous matrices. Furthermore, ACP /hemin@Zn-MOF + H,O, + OPD + AAP system’s
ability to detect As(V) selectively is mostly unaffected by 16 potential interfering ions,
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including phosphate ion (Pi). Practical food and environmental assessments could benefit
from the manufactured sensor’s capability, as evidenced by its analysis of rice samples.
Subramanian et al. fabricated a MOF derived magnetic porous carbon (MPC) com-
posite by dissolving FeCl3-6H,O and fumaric acid in mili-Q water and followed by a
hydrothermal reaction [83]. It was discovered that when the MPC composite attaches to
FAM-ssDNA, an MPC/FAM-ssDNA complex is formed, which significantly quenches the
fluorescence [84,85]. When As(V) was introduced into the sensing system, the immobilized
DNA was displaced, and arsenate ions bound to the surface of the MPC composite, result-
ing in an increase in fluorescence intensity. (Figure 7). This result demonstrates that the
probe is highly sensitive enough towards As(V), with a detection limit of 630 pM. DNA
single strands linked to FAM are used in this sensing device. The fluorescence is totally
quenched when As(V) is not present because the FAM-labeled single-strand DNA attaches
to the MPC composite through 7— stacking interactions between the MPC composite’s
surface and the nucleobases in ssDNA. When added to this sensing system, As(V) forms a
strong bond with the Fe30O4 nanoparticles on the MPC composite’s surface. In the meantime,
FAM-labeled ssDNA is liberated from the MPC composite’s surface, which results in an
increase in the fluorescence intensity [86]. Furthermore, the primary benefit of this sensing
system is the formation of MPC/As(V), which can be separated by a powerful magnet.
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Figure 7. (a) Detection of different concentrations (0-15 nM) of As(V) in Tris-HCl buffer solution
(pH = 7.4) by 10 uM FAM-ssDNA and a 20 pug mL~! suspension of the MOF@Fe3;O4 composite
(Aex= 490 nm, Aem = 520 nm) (b) the relative fluorescence intensity of the MPC composite plotted
against As(V) concentration, (c) selectivity studies with other anions and cations, (d) sensitivity of
arsenate detection by this arsenate de-adsorption method. Reproduced with permission from ref. [83]
Copyright 2019, RSC.

Yang et al. designed and synthesized two new Cu-MOFs, Cu(I)-tpt and Cu(Il)-tpt (Htpt
= 5-[4(1H-1,2 4-triazol-1-yl)]phenyl-2H-tetrazole), with distinct valences and structures
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through solvothermal route [87]. Cu(ll)-tpt-on-Cu(I)-tpt membrane was prepared by a
layer-by-layer approach. Meanwhile, the first Cu(I)-tpt layer acts as a fluorescent “Turn on”
sensing platform for p-Arsanilic acid. Although p-ASA is a less hazardous form of organic
arsenate acid, it has been shown to inflict significant harm to cells and is readily converted
into extremely poisonous inorganic arsenic compounds that may be harmful to species
in the environment genetically. The detection limit is 0.0556 pg/L towards p-ASA by the
material. Cr,O7%~ is reduced to Cr>* by the electron-donor groups (e.g.,—NH,) of p-ASA
due to the strong redox potential of Cr,O72~ [88,89]. After the adsorbent repelled the
produced Cr 3* ions, the benzenoid amine (—NHj) in p-ASA was oxidized to the quinoid
imine, which resulted in an emission enhancement of the material. The mechanism was
well tested by the XPS analysis [90-92].

6.2. “Turn Off” Sensing of Arsenic

During the “turn-off” detection of a targeted analyte, the emission property of the
probe is significantly diminished. In the year 2018, Siddiqi et al. synthesized three
lanthanide MOFs (Ln-MOFs) [Lnz(PDC)3Cl3(H;O)]n [Ln = La (1), Nd (2) or Pr (3),
PDCH; = pyridine-2,6-dicarboxylic acid] [93]. These Ln-MOFs were successfully applied
for the detection of As>* in a water medium. Specificity towards As*" was also examined
for all three MOFs, and it has been observed that the said MOFs showed great selectiv-
ity towards As3* over possible interfering metal ions (Fe3*, Cr3+, Cd?, Hg2+, Pb%* etc.)
(Figure 8). The calculated detection limit of all three Ln—-MOFs (1-3) is significantly lower
than the permissible limit set by the WHO and U.S. EPA for As®>* ions in drinking water
(10 ppb). The mechanism underlying the selectivity for As®>* ions was investigated using
emission and absorption spectra. The As (lone pair)—m(aryl) interactions between As3*
ions and PDC?~ moieties may lead to the formation of a ground-state non-fluorescent
complex, which the authors suggested as the responsible mechanism for the observed static
quenching [94,95]. Thus, the Ln-MOFs could be utilized as a promising sensing platform
for As®*.

Li et al. prepared two stable isostructural Al-MOFs, Al(CTTA) (BUT-18) and
AI(CETA) (BUT-19), by employing two tritopic organic carboxylic acids functionalized
with methyl and ethyl groups, dimethyl-5'-(4-(methoxycarbonyl)phenyl)-2’,4’,6'-trimethyl-
[1,1:3',1"-terphenyl]-4,4”-dicarboxylic acid (H3CTTA), and dimethyl-2’,4’,6'-triethyl-5'-
(4-(methoxycarbonyl)phenyl)-[1,1,3’,1”-terphenyl]-4,4" -dicarboxylic acid (H;CETA) [96].
These two Al-MOFs represent the first reported MOFs designed for the detection of or-
ganic arsenic compounds, specifically roxarsone (ROX) and nitarsone (NIT). Notably, they
demonstrate remarkable stability across a wide pH range. Both BUT-18 and BUT-19 exhibit
exceptional quenching efficiency, achieving nearly 98% quenching in the presence of ROX
and NIT. (Figure 9). The limit of detection towards organic arsenic compounds is found
to be at the ppb level by the present MOFs. To check the selective sensing behavior to-
wards the roxarsone (ROX) and nitarsone (NIT), other possible organic arsenic compounds,
including p-arsanilic acid (ASA), carbarsone (CAR), and 4-hydroxybenzenearsonic acid
(HAA) are utilized for detection, but it has been observed that none of them are able to
quench the emission intensity of BUT-18 and BUT-19 as like the targeted analytes. It is
strongly assumed that a FRET process is the primary mechanism for the fluorescence
quenching of ROX because the LUMO energy level of ROX is very close to those of the
two MOFs, whereas a photoinduced electron transfer (PET) process is responsible for
NIT detection because the LUMO energy of NIT is below those of the two MOFs [62,97].
Hence, the present AI-MOFs may be helpful for organic arsenic sensing applications in
wastewater treatment.
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Figure 8. Stern—Volmer (SV) plots for various toxic elements with the emission intensities under UV
light for different ions in water of 1 (a,d), 2 (b,e), and 3 (c,f) upon excitation at 268 (1), 280 (2), and
310 (3) nm [Lnz(PDC)3Cl3(H,O)]n [Ln = La (1), Nd (2) or Pr (3), PDCH,= pyridine-2,6-dicarboxylic
acid]. Reproduced with permission from ref. [93] Copyright 2018, Elsevier.

A novel zirconium-based fluorescence MOF was synthesized by Shahat et al. by the
condensation reaction between 5-Chloro-2-hydroxyacetophenone and NH;-UiO-66(Zr) [98].
Using spectrophotometric and fluorometric techniques, the authors successfully achieved a
selective and sensitive detection of ultra-trace amounts of As>* ions in real water samples.
(Figure 10). Furthermore, the effects of several ions, including K*, Na*, AP, Mg2+, Cd%,
Hg2+, Mn?*, Ni2*, Ca2*, Cu?*, and SiO42~, on the sensor were evaluated, demonstrating
that these ions had no significant impact on the detection of As*>*. This suggests that
the 5CI,HA = (Zr) MOF sensor effectively discriminates against other tested ions and
exhibits excellent selectivity for As** detection. The LOD value of these reported MOFs
was found to be 88.3 ppb towards As>* ions. It is interesting that material could be recycled
several times for the detection of As®*. Furthermore, the material was employed for the
detection of As>* from groundwater and city water. As>* ions interact with the active
sites of the 5CI2HA = (Zr) MOF sensor, specifically targeting the lone pairs of electrons
present on the hydroxyl group and nitrogen atom. This interaction leads to the formation
of stable chelates between the functional groups of the sensor and As®* ions. In this
process, the excited-state intramolecular proton transfer (ESIPT) of the methyl protons in
5-chloro-2-hydroxyacetophenone is inhibited, while the isomerization of the C=N bond
is also restricted due to chelation [99]. As a result of ESIPT inhibition and the strong
binding interaction, the sensor’s fluorescence is effectively quenched, enabling the selective
detection of As®>" ions [100]. Thus, the reported probe has great potential for the efficient
detection of As** ions in aqueous media.
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Figure 9. (a) Fluorescence changes of BUT-18 and -19 dispersed in water upon incremental addition of
ROX and NIT (100 ppm) and (b) fluorescence quenching of BUT-18 and BUT-19 by different analytes
(100 ppm) (Aex = 280 nm). Reproduced with permission from ref. [96] Copyright 2019, RSC.
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Figure 10. (A) Spectrophotometric spectra, (B) calibration plot, and (C) calibration curve of the
5Cl,HA = (Zr) MOF sensor with various As®* ions concentrations in aqueous medium. Reproduced
with permission from ref. [98] Copyright 2023, Elsevier.

Pourreza et al. developed a novel turn-off fluorescent platform based on a
MOFEF. Gold nanoparticles (AuNPs) were loaded into a standard Fe-BTC (BTC = 1,3,5-
benzenetricarboxylate or trimesic acid) MOF using the porous template method [101]. A flu-
orescence emission peak was observed at 410 nm by the embedded label-free gold nanopar-
ticles in MOF, and this emission gradually diminished as the amount of As*" increased
(Figure 11). The LOD value for this reported probe was calculated to be 0.2 ng mL~"
which is remarkably below the WHO permissible level (10 pug/L). The spectral overlap
between AuNPs@Fe-BTC'’s emission spectrum and UV-vis absorption suggests that the
fluorescence resonance energy transfer (FRET) process is most likely present [102,103]. Real
water samples taken from various rivers and wastewaters were tested for As>* to determine
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the validity and applicability of the proposed procedure. The specificity of the method was
great, and there was no interference effect in the presence of interfering analytes.
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Figure 11. (A) Fluorescence emission spectra of aqueous suspension of AuNPs@Fe-BTC MOF
(stabilized in citrate buffer) in the presence of a different concentration of As (III) under optimal

conditions and (B) calibration curve for As(III) based on AuNPs@Fe-BTC sensing system. Reproduced
with permission from ref. [101] Copyright 2023, Elsevier.

Very recently, Ghosh et al. demonstrated an aqua-stable luminescent cationic MOF
viz., iMOEF-12C, which was applied for the precise detection of organic arsenic drugs
such as roxarsone(ROX) and nitarsone(NIT) [104]. The iMOF-12C is a Zn MOF having
Tris(4-(1H-imidazol-1-yl)phenyl)amine (TIPA) and 1,5-naphthalenedisulfonic acid (1,5-
NDSA) organic linker molecules. In iMOF-12C, a progressive decrease in fluorescence
intensity was observed with increasing concentrations of ROX and NIT. The MOF exhibited
significant fluorescence quenching, with efficiencies of 78% and 82% for ROX and NIT,
respectively. Notably, potential interfering analytes such as 4-hydroxyphenylarsonic acid
(HAA), 4-aminophenyl arsenic acid (ASA), and phenyl arsenic acid (PAA) had negligible
effects on its emission spectra, highlighting its selectivity. Furthermore, the excellent
recyclability of iMOF-12C demonstrated its potential for the real-time and long-term
detection of organic arsenic compounds. The LOD for ROX and NIT was determined to
be 3.95 ppb and 1.35 ppb, respectively—both well below the WHO’s permissible limit.
The PET and FRET were found to be the main mechanisms influencing the fluorescence
quenching of iMOF-12C toward ROX [105], whereas PET was found to be the major
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mechanism for NIT [106,107]. Theoretical investigations into the fluorescence quenching
process revealed that the electronic properties of iMOF-12C are significantly altered when
exposed to ROX and NIT. To further explore its potential, iMOF-12C-based mixed-matrix
membranes (MMMs) were developed for practical, on-site use. The results were promising,
showing effective detection of organic arsenic in water. These findings position iMOF-12C
as a highly promising candidate for real-time, on-site monitoring of organic arsenic in
aqueous environments.

A novel turn-off fluorescent sensor for the selective detection of As®>* was developed
by Shukla et al. This sensing method utilizes a fluorescein (Flu) molecule as the emitting
center, polyhedral micellized silver colloids (AgNPs) to stimulate the excitation rate, and a
nanoscaled Prussian blue metal-organic framework (PB-MOF) as the light sensitizer. [108].
The Fluorescein/AgNPs/PB-MOF system serves as a fluorescent sensor for the selective de-
tection of As**. Upon the addition of As®*, a noticeable decrease in the emission intensity of
the fluorescent system is observed (Figure 12a). Furthermore, a linear relationship between
As** concentration and signal intensity, with a sensitivity of Kv = 2.305 vol-1, is evident
(Figure 12b). The detection limit is estimated to be 0.150 ppm. The incorporation of AgNPs
and PB-MOF facilitates intermolecular activation, leading to a sequential amplification of
fluorescein’s emission maxima (Aem = 520 nm). Interaction with As®* induces non-radiative
energy transfer, resulting in the quenching of the emission spectra [109,110]. Notably, the
sensor exhibits high selectivity for As>* over other potential interfering ions, including
Nat, K *, Cs*, Ca?, Mg2+, Cr3*, Mn%*, Zn 2*, Cd 2*, and Pb?*.
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Figure 12. (a) Fluorescence spectra of Fluorescein/AgNPs/PB-MOF for analyzing different concen-
trations of As®* (from top to bottom: 0.0001 nM to 107 nM) (Aem = 520 nm). (b) The dependence of
I520 on the concentration of As3* or SternVolmer plot shows the fluorescence quenching. The inset
to (b) shows the error bars representing the standard deviation. Reproduced with permission from
ref. [108] Copyright 2020, Wiley-VCH.

El-Bindary et al. demonstrated that the condensation of NH,-Al-MOF and 2-
hydroxyacetophenone ligand via a Schiff base reaction resulted in a covalent linkage,
creating a novel fluorescence sensor for As(Il) [111]. The successful formation of the
Schiff base was confirmed using several analytical techniques, including Fourier transform
infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET)
surface area analysis, and X-ray photoelectron spectroscopy (XPS). In aqueous suspension,
the Schiff base material exhibited a significant reduction in fluorescence intensity upon the
addition of As**, highlighting its sensing capability. Importantly, interfering ions had no
effect on the fluorescence intensity of the 2HA=N-MIL-53(Al) sensor, indicating its strong
selectivity and excellent anti-interference ability for As** detection. Moreover, the sensor
demonstrated effective arsenic detection in real water samples. The sensor’s fluorescence is
attributed to the C=N isomerization at the excited state, which occurs in optical sensors
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with a covalently bridged C=N structure. The hydroxyl group and the lone electron pair of
nitrogen atoms serve as the two active sites in the 2HA=N-MIL-53(Al) sensor. The fluores-
cence quenching observed is a result of stable chelation between the 2HA=N-MIL-53(Al)
sensor and As3*, which inhibits both the C=N isomerization and the ESIPT of the phenolic
protons in the 2-hydroxyacetophenone moiety [112,113]. The fluorescence intensity of
the 2HA=N-MIL-53(Al) sensor decreased with the sequential addition of As3* ions. The
analytical performance of the MOFs discussed above is summarized in Table 1.

Table 1. List of MOFs showing fluorescent sensing of different arsenic species via “Turn on” and
“Turn off” mode.

Analytical Performance

SI. No. MOFs Characteristic Species Detected Mode Ref.
LOD =56 nM (around “ ”
1 NH,-MIL-88(Fe) 42 ppb) As (V) Turn On [73]
2 Functionalized Ln-MOFs LOD =178 nM AsOy 3~ “Turn On” [75]
3 iMOF-4C LOD=83uMand 99 uM  HAsO4%~, and HAsO32~ “Turn On” [78]
4 ACP/hemin@Zn-MOF LOD =1.05 ug/L As (V) “Turn On” [80]
5 MPC/FAM-ssDNA LOD =630 pM As(V) “Turn On” [82]
6 Cu(I)-tpt and Cu(I)-tpt LOD = 0.0556 pug/L p-Arsanilic acid “Turn On” [87]
7 [Lng(PDC)3Cl3(Hy0)]n LOD = 1.46 ppb As3* “Turn Off” [93]
AI(CTTA) (BUT-18) and LOD =157 and 32.2 ppb Roxarsone (ROX) and » ”
8 AI(CETA) (BUT-19) (BUT-18), Nitarsone (NIT) Turn Off [%6]
13.5 and 13.3 ppb (BUT-19)
Functionalized _ 3+ “ 1
9 NH,-UiO-66(Zr) LOD = 88.3 ppb As Turn Off [98]
10 AuNPs@Fe-BTC MOF LOD =0.2ng mL~! As (IIT) “Turn Off” [101]
. : LOD = 3.95 ppb for ROX Roxarsone(ROX) and " .,
1 IMOF-12C and 1.35 ppb for NIT Nitarsone(NIT) Turn Off [104]
12 Fluoresceﬁ/o‘?:gNPS/ PB- LOD = 0.150 ppm As(IIT) “Turn Off” [108]
13 2HA=N-MIL-53(Al) LOD =0.15 ug/L As(IIT) “Turn Off” [111]

7. Conclusions and Prospects for the Future

Arsenic contamination in groundwater remains a critical global challenge, affecting
millions of people, particularly in regions with limited access to clean water. While tra-
ditional field kits have been routinely used for arsenic detection, concerns about their
sensitivity and selectivity have prompted a shift towards more advanced approaches. The
development of ultrasensitive sensors for arsenic detection requires that the target analyte
and the sensing probe operate according to the lock-and-key principle, which has led to a
surge in research focused on designing materials with enhanced selectivity for arsenic ions.

This review has highlighted recent advancements in the fluorometric detection of
arsenic using MOFs over the past decade. These fluorometric approaches combine chemical,
biological, and nanotechnological techniques to significantly improve the sensitivity of
arsenic detection compared to conventional methods. We have covered notable studies
that explore various aspects of MOF-based sensors, including their sensing mechanisms,
signal processing strategies, and detection performance. MOFs such as Zr-MOFs, Ln-MOFs,
Zn-MOFs, and Fe-MOFs have demonstrated excellent efficacy in the fluorogenic detection
of arsenic. These materials have not only enabled quantitative detection in controlled
environments but also shown promise in real-world applications. In some cases, MOFs
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have even been successfully employed for naked-eye detection, making them accessible
and user-friendly for everyday use.

The unique properties of MOFs, including their high porosity, large surface area, and
ease of functionalization, make them ideal candidates for the selective and sensitive detec-
tion of arsenic. Despite significant progress, the field of MOF-based arsenic sensors is still
in its early stages, and several challenges must be addressed to realize their full potential.

Looking forward, there are several key areas where further research is needed. First,
as arsenic detection often occurs in environmental samples, MOFs with broad pH stability
are essential to ensure reliable performance in diverse conditions. Second, improving the
water stability of these materials is critical for ensuring their long-term effectiveness in
aqueous environments. Third, simplifying the synthesis processes for MOFs will be crucial
to enable large-scale, cost-effective production, making these materials more accessible for
widespread use. Lastly, while fluorometric detection methods are promising, there is an
increasing demand for portable, user-friendly, and highly specific on-site detection kits
that can provide rapid results. By utilizing luminescent MOFs, such kits could facilitate
real-time monitoring of arsenic contamination, even in remote or underserved areas.

As research in this field progresses, we are optimistic that ongoing advancements in
MOF design, sensor development, and manufacturing techniques will lead to the creation
of highly effective, affordable, and practical arsenic detection solutions. The future of
arsenic sensing lies in the development of MOF-based sensors that are not only more
sensitive and selective but also more adaptable to real-world conditions. With continued
innovation, we hope to see the widespread adoption of these technologies, contributing to
the global effort to mitigate arsenic contamination and protect public health.
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