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Metal ions are known to play indispensable roles in many critical biochemical processes. The amount and
dispersion of metal ions in body fluids have a significant impact on the normal physiological function of the human
body. In terms of their effects in biosystems, the general public generally classifies metals into two categories:
essential and non-essential. It is widely recognized that there are ten essential metal ions for life, and the body
must have appropriate amounts of them, including potassium (K), sodium (Na), calcium (Ca), magnesium (Mg),
cobalt (Co), molybdenum (Mo), iron (Fe), copper (Cu), zinc (Zn), and manganese (Mn). Among them, K, Na, Ca,
and Mg make up over 99% of the total metal elements in the human body, while the remaining six elements are
present in small amounts. When essential metal ions are maintained at normal levels, they play a crucial role in
various physiological functions, including catalyzing enzymes, participating in oxidative metabolism, and

contributing to DNA synthesis.

fluorescent sensors metal ions biosystems

| 1. Fluorescent Sensors for Essential Metal lons
1.1. Na*

Schiff base ligands possess excellent photochemical properties and can be used to create fluorescent probes, but
the use of sodium (I) complexes based on Schiff base ligands is rare . Tamilselvi et al. recently designed a
sodium ion sensor based on a pyridoxal-bearing triazole ring Schiff base [&, which exhibits strong blue-green
emission in the solid state and emits a yellow light when Na* is present. They further studied the proportional
fluorescence response of this probe with sodium ions in the U87 cell line, indicating its potential application in cell

biology protocols.

Potassium and sodium play crucial roles in various biological processes, but their synergies also have important
implications for various biological processes. Yang et al. designed the first cell-surface fluorescent probe that can
simultaneously detect Na* and K* in the microenvironment of cells [Bl. The probe utilizes a Y-shaped DNA sensor
composed of three distinct DNA sequences: a Na*-specific enzyme strand hybridized with the substrate strand and
a GQ strand that binds to K*. The use of this probe to detect Na*/K* concurrently provides a more comprehensive
understanding of the dynamic changes of the targets than single-ion assays. The design and use of this probe

have great significance in further understanding Na* and K*-related cellular events and biological processes.

1.2. K*
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For imaging intracellular K*, it is vital to develop a molecular recognition element that can achieve high affinity and
selectivity to K*. Tian et al. presented the first polymer-based ratiometric fluorescent K* indicator (PK1), which was
modified with a water-soluble polymer skeleton to enable high-throughput monitoring of K* fluctuations in living
cells . Subsequently, they further enhanced the detection of potassium ions in cells by incorporating a small-
molecule K* fluorescent probe into a hydrophilic F127 block and then binding it to cationic liposomes to create
modified nanoparticles with enhanced cellular affinity [2!. A pioneering chemosensor for the accurate intracellular
ratiometric imaging of potassium using a dual fluorophore strategy was introduced by Chang et al. 8. Furthermore,
Chen et al. innovated a remotely operated “lock-unlock” nanosystem . This nanosystem utilizes a dual-stranded
aptamer precursor (DSAP) as the recognition molecule and a SiO,-based gold nanoshell (AuNS) as the
nanocarrier, with NIR light as the stimulus for remote application. AUNS generates an increased local temperature
upon receiving NIR light, which induces the dehybridization of DSAP, activates the binding capability of the
aptamer, and enables the monitoring of intracellular K* via changes in the fluorescence signal. This DSAP-AuUNS

nanosystem provides a new means to visualize endogenous K* in living cells.

1.3. Ca%*

Fluorescent sensing and imaging have become useful tools to investigate the signaling pathways of calcium ions,
which act as a widespread secondary messenger and play an essential role in neurodegenerative diseases.
Modified with a specific Ca®* chelator ligand with two formaldehyde groups, a copper nanocluster ratiometric
fluorescent probe was developed for real-time sensing and imaging of Ca2* in neurons B, In another example, an
inner-filter-mediated luminescence probe was developed by using biomass quantum dots as a fluorescent reporter.
This probe was initially quenched by a Ca?* chelator alizarin red S yet turned on after binding to intracellular Ca?*.
Despite fluorescent nanoclusters and quantum dots, green fluorescent protein could also be combined with the
specific chelator for Ca2* imaging [&. Mitochondrial Ca2* concentration in living cells is also of great importance.
Mt-fura-2, the first ratiometric chemical Ca?* probe for mitochondria, was developed by coupling two
triphenylphosphonium cations to the molecular backbone of the ratiometric CaZ* indicator fura-2 9. Mt-fura-2
binds calcium ions in vitro with a dissociation constant of =1.5 pM and exhibits correct mitochondrial localization

and precise measurement of matrix [Ca®*] changes in cells.

Ca?*-specific DNAzyme, which was first reported in 2017 11, was used to construct a SERS-fluorescence dual-
mode probe for Ca2* imaging in living cells in 2021 by Li and co-workers (12, The CaZ*-responsive nanoprobe was
constructed by modifying DNAzyme and a Cy5-labelled substrate strand on gold nanostars. When the two chains
hybridize, the fluorescence of Cy5 is quenched, which enhances the SERS signal concurrently. The substrate
chains could be cleaved and freed from the surface of the gold nanopillar by the catalytic induction of Ca2*, which
leads to the weakening of the SERS signal, as well as the fluorescence signal recovery. The nanosensor has been
successfully used in HelLa cells under the treatment of T-2 toxin, which increased the intracellular free Ca?*
concentration and caused cell apoptosis. Moreover, the calmodulin domain and its cognate M13 peptide have also
been widely used in biological research. Rhodamines are highly bright and photostable fluorophores, and one of
their key properties is that they exist in a balance between the non-fluorescent, spirocyclic form and the

fluorescent, amphoteric form. The remarkable ability of HaloTag7 to affect rhodamine spirocyclization was used to
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develop biosensors in which the analyte affects the conformation of HaloTag7 and thus the balance of
spirocyclization. The Johnsson group developed a ratiometric biosensor based on spirocyclization in an
environmentally sensitive discolored fluorophore that reversibly switches between the green and red fluorescent
forms, successfully imaging calcium ions in living cells 22!, This biosensor combines a HaloTag7 and a Ca?*-
sensing structural domain (rHCaMP) to enable reversible switching between green and red fluorescent forms
through intramolecular spirocyclization by using a color-shifted fluorophore. The biosensor provides precise
ratiometric measurements of Ca2* both in vitro and intracellularly. Furthermore, by coupling the CSFs to various
protein ligands, the biosensor achieves exceptional sensitivity, with some probes demonstrating up to 2400-fold
changes in fluorescence ratios upon binding to the target. The Campbell group developed a NIR genetically
encoded indicator using a biliverdin-binding fluorescent protein for multi-color imaging 4. BAPTA could form a
chemigenetic indicator due to the interaction between the BAPTA moiety and the GFP chromophore, which
provided creative guidance in the design of chemigenetic indicators. In addition to fluorescent intensity-based
readout, the Goedhart group also proposed a turquoise fluorescence lifetime-based biosensor for quantitative
imaging of intracellular Ca?* with a low sensitivity for pH, which was a teaser for traditional intensity-based
indicators (131,

1.4. Zn%*

Accurately monitoring the zinc profile and levels in living cells is crucial for various biological studies. Among
various developed methods, DNAzyme-based sensors are at the forefront of zinc ion imaging studies. However,
their application in cells is limited due to the difficulty in maintaining the activity of RNA-cleaving DNAzymes during
delivery and poor biological imaging performance 287, To address this issue, Zhang et al. constructed a TP
imaging probe based on an RNA-cleaving DNAzyme by modifying the Zn?*-specific DNAzyme with TP
fluorophores and utilized gold nanoparticles (AuNPs) for efficient intracellular delivery 28 This NIR light-excited
probe exhibits exceptional imaging capabilities for Zn?* in viable cells and tissues, with remarkable in-depth
penetration of tissues reaching depths of 160 um. The Lu group developed a new fluorescent imaging technique
that allows for ratiometric imaging of Mg?* and Zn2* in living cells 22 using DNAzyme-mediated, genetically
encoded fluorescent proteins. The merit of this approach is that Mg?*-dependent multi-round cleavage of the target
MRNA by DNAzyme activity allows for a correlation between the expression level of fluorescent proteins and the
concentration of the target metal ion. This sensor can utilize a variety of metal-specific DNAzyme, greatly
expanding the range of metal ions that can be imaged with genetically encoded proteins. Additionally, Luo et al.
developed a DNAzyme-based normalized strategy for direct quantification of endogenous zinc in living cells 29,
Recently, Li's team described the first example of DNAzyme-based sensors for subcellular metal-ion imaging 211,
which combines a photoactivatable DNAzyme sensor probe with upconversion nanotechnology and organelle-
localized strategies. Except for DNAzyme-based sensors 22, Schiff base based chemosensors 2324 peptide-
based sensors [22 and single red fluorescent protein-based sensors [28! also offer a variety of options for

researchers when studying the distribution and concentration of zinc ions in living cells.

1.5. Mg?*
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As the second largest intracellular cation after potassium, the magnesium ion is essential for various biological
processes and physiological functions. However, traditional fluorescent chemosensors for the detection of
magnesium ions currently face the limitations of low selectivity and poor fluorescence signal enhancement. Yuki et
al. overcame this limitation by synthesizing the first highly selective and NIR fluorescent probes for the detection of
Mg2* 24, These probes consisted of charged B-diketones as specific bound spots for Mg2* and Si-rhodamine
remnants as NIR fluorophores. They are primarily located in the cytoplasm and are localized partially in the
lysosomes and mitochondria of cultured rat hippocampal neurons. Moreover, the Aharon group reported the first
example of aqueous CDs with high selectivity for intracellular Mg?* detection [28. Furthermore, Ashok’s team
successfully synthesized novel chromone-based chemosensors (La and Lb) that are highly sensitive to Mg2* [29],
with La also showing potential for Mn?* detection through absorption studies. On the other hand, Lb was found to
sense Cu?* through absorption studies and also showed sensitivity to Mg?* via emission studies. These ligands

were successfully used for Mg?* imaging in HeLa cancer cells.

1.6. Cu?*

The development of copper ion sensors in recent years has still primarily relied on the design of organic fluorescent
probes BYUBL and nanomaterials B2, In the previous section, it was mentioned that the Cu(l)-catalyzed click
reaction has a high selectivity for Cu?*, making it ideal for complex intracellular environments. Bu et al. developed
an innovative “OFF—ON" fluorescent biosensor by combining the Cu(l)-catalyzed click reaction with a 3D DNA
walker based on spherical nucleic acid 2. In the initial “OFF” state, the fluorophore (Cy3) on the hairpin is close to
the surface of AUNPs, resulting in quenched fluorescence. Cu is rapidly produced in situ from Cu?* in the presence
of ascorbic acid, triggering the click reaction-based 3D DNA walker. The activated swing arm hybridizes with the
neighboring Cy3-hairpin and drives the 3D DNA walker by endonuclease to produce several Cy3-labeled DNA
fragments away from the AuNP surface, resulting in a restored fluorescence response (transitioning to the “ON”
state). The utilization of this assay provides a means for transducing signals and assessing intracellular Cu?* at

picomolar concentrations.

1.7. Fe%*IFe3t

CDs have garnered significant attention in metal ion detection in living cells. To this end, double-emission CDs (NS-
CDs) with varying dimensions of nitrogen/sulfur doping were synthesized by solubilizing sodium alginate (SA) and
glutathione (GSH) in formamide for heat treatment B4l Since Fe3* induces the aggregation of NS-CDs, which
enhances the fluorescence signal. Therefore, this nanosensor enables ratiometric measurements of iron ions and
exhibits remarkable detectability and sensitivity, with detection limits as low as 0.56 yM. Moreover, NS-CDs display
unparalleled capability for localized, specific cell membrane imaging. Similarly, the Guo group proposed the
synthesis of N-CDs utilizing fresh tea leaves and urea 28, while Zhang’s team fabricated deferoxamine-inspired
CDs using L-aspartic acid (Asp) and 2,5-diaminobenzenesulfonic acid (DABSA) as reactants in a single-boiler
hydrothermal synthesis [28l. Both N-CDs and deferoxamine-inspired CDs were applied for cell imaging of Fe3* and
exhibited promising results. Hou et al. developed an innovative “turn-on” fluorescent probe using rhodamine 6G

derivatives and spirolactam ring-opening reactions 7. This probe is highly effective in detecting Fe3* for
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fluorescence imaging in living cells. In addition, Wang et al. designed dual-targeting fluorescent probes that
combine galactose and imidazole to detect Fe3* in the hepatic lysosome 28], enabling both hepatic and lysosomal
targeting. Although indole-based fluorescent sensors for Fe3* detection are rare, Nantanit reported three new
sensors with fluorescence responses to Fe2* and Fe3* sensing in aqueous buffer systems 2. One of these

isomers is an excellent candidate for tracking Fe3* in biological systems.

| 2. Fluorescent Sensors for Non-Essential Metal lons
2.1. Lit

The lithium-based complex is a widely used and effective drug for the treatment of bipolar disorder (BD) for more
than 70 years. The distribution of lithium ions in the patient’s cells is crucial to optimize the therapeutic effect.
However, imaging lithium selectively in the biomedically relevant concentration range (0.5-2.0 mM) in living cells
remains a major challenge. A major breakthrough was recently reported by Lu’s team, which developed a lithium-
specific DNAzyme with a selectivity exceeding 100-fold that of other biologically relevant metal ions #9. This novel
sensor allows for the visualization of lithium in HeLa cells, neurons from BD patients, healthy controls and human
neuronal progenitor cells for comparison, making it a promising tool for investigating the therapeutic effects of

lithium.

2.2. Ag*

Dong et al. developed a label-free N-CDs system for the detection of silver ions and GSH through intrinsic
ratiometric fluorescence . The N-CDs emit a single long-wavelength light at 618 nm when excited at 478 nm.
When silver ions are present, this nanosensor shows a rising peak at 532 nm and a decrease in emission at 618
nm, enabling the detection of silver ions in the range of 0—140 uM. Yu et al. presented a groundbreaking approach
to visualize Ag™ in living bacterial cells by utilizing a genetically encoded biosensor 42, The sensor incorporates a
cytosine-Ag*-cytosine metal base pair into a fluorogenic RNA aptamer, known as Broccoli, which folds and emits a
fluorescent signal upon binding to Ag*. This uniqgue RNA sensor can be further adapted for cellular imaging of other

metal ions by implementing a similar design principle based on specific metal base pairs.

The Guo group synthesized a novel ratiometric chemosensor called CHa based on the hydrolysis of hydrazone
derivatives of coumarin fluorescent moieties induced by Ag* 431, When CHa encounters silver ions, it undergoes
hydrolysis, resulting in the release of a 3-formyl-substituted coumarin derivative that acquires blue emission at
short wavelengths from yellow emission. Additionally, a phenanthro [9,10-d] imidazole-based fluorescent probe with
AIE activity was designed by Bu et al. ¥4l for simultaneous sensing of Ag* and SCN™. In another example, a
sustainably modifiable 1,2-alternating thiacalix[4]arene was synthesized by Yu et al. ¥8] which displayed a highly

sensitive ratio recognition for Ag*.

2.3. Ni%*
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Nickel ions play a vital role as a cofactor for a variety of microbial enzymes, supporting essential cellular functions
necessary for prokaryotic survival. A FRET-based genetically encoded biosensor was developed by Neha [48],
taking enhanced cyan fluorescent protein and Venus (a variant of yellow fluorescent protein) respectively into
account as donor and acceptor fluorescent molecules. Such sensors permit concentration-dependent monitoring of
nickel ion fluxes within viable cells with a high spatial and temporal resolution to provide in-depth insight into the

distribution of nickel ions physiologically at the cellular and subcellular levels.

Reports on fluorescent probes for nickel ions are relatively scarce, and there is still a need to develop simple and
effective detection methods. Wang et al. constructed a molecular probe FA-Ni to achieve highly selective and
ultrasensitive rapid detection of Ni2*, avoiding the interference of other ions 4. Nickel ions were converted to
elemental nickel under the reducing conditions of NaBH,, and then triphenylphosphine was used as a ligand to
detach allyl from the probe FA-Ni, thereby generating a fluorescent signal. They also successfully applied the probe
FA-Ni for in situ imaging of nickel ions in living cells. Additionally, Shahzad’s team reported AIE active sensors for
the detection of Ni2* in live cells and acid/base sensing 28, Gu et al. developed a new chemosensor based on a
pyrazolopyrimidine core that can simultaneously detect Cu?* and Ni?*, which has good imaging properties for both

Cu?* and Ni%* in living cells 42,

2.4. Pb%*

The interaction between metals and biomolecules can be found throughout nature and provides a wealth of
resources and principles of design in the search for novel, recognizable ligands. Peptides are promising candidates
for designing metal-binding ligands due to their rich coordination chemistry, high stability, and availability of optional
building blocks. Additionally, their high biocompatibility makes them well-suited for detecting Pb%* in biological
systems. The Zhao group designed a biomimetic peptide-based fluorescent sensor GSSH-2TPE inspired by the
structure of glutathione Y, Mechanistic studies confirmed that there is a delicate balancing between the chelating
groups and the molecular configuration responsible for the highly selective complexation of Pb2* by the sensor.
Additionally, the ion-induced supramolecular assembly generates a bright fluorescence signal. Featuring good
biocompatibility and the lowest possible disturbance to both endogenous biothiols and background fluorescence,
the sensor allows precise imaging of Pb2" in vivo. Similarly, Mehta et al. designed a proportional fluorescent
peptide-based sensor by coupling the peptide receptor of Pb(ll) with an excimer-forming

benzothiazolylcyanovinylene fluorophore 211,

2.5. Pd?*

Palladium is a scarce internal transition metal that is widely employed as an extremely potent catalyst in various
areas. However, it should be noted that Pd species can disrupt many biological processes and pose significant
health hazards. Of particular concern is Pd2*, which is the most abundant oxidation state in alive cells, thus the
potential for developing validated Pd2* detection and imaging approaches are vital for environmental safety and the
health of humans. Wen et al. developed a naphthofluorescein-based NIR fluorescent probe called M-PD 22, which

boasts exceptional sensing properties for the detection of Pd2*. The lower limit of detection for this sensor was
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found to be 10.8 nM, a value significantly below the drug in threshold values (5—-10 ppm). Additionally, M-PD has
been successfully utilized for the near-infrared fluorescence imaging of Pd?* in living cells. A chemosensor, DCF-
MPYM-Pd, featuring a wide stokes shift and an ability for lysosomal targeting was synthesized by Wang et al. 23!, |t
was shown that this sensor can accurately sense palladium (1) in living cells and can specifically accumulate in
lysosomes. To avoid the problem of the multi-step synthesis of a probe, Mareeswaran’s group found a simple and
well-known organic molecule, coumarin-460 (C460), that can selectively sense palladium ions in aqueous media
B4l They went on to validate the binding and sensing properties of C460 for Pd2* by absorption and fluorescence
spectroscopy techniques, thus demonstrating that the C460 molecule can be used as an “off” probe for Pd2* for
real-time detection and biological applications.

While most researchers have designed probes to detect only one form of palladium, the ability to discriminate
between Pd (0) and Pd (Il) has been rarely reported. In this regard, Zhang et al. designed Umb-Pd2, a corymbone-
derived sensor that can be used as a tiny, robust, reliable, and detective sensor for the detection of Pd (II) B2, In
both the stand-alone and co-existing systems, it is distinguished from typical research by its unique selectivity for
Pd (Il) and Pd (0), which is commonly referred to as Pd (0)-selective. This differentiation capability was further used

in the case of living cell imaging.

2.6. Hg?*

Sarah et al. developed highly NIR fluorescent graphene quantum dots (GQDs) by pyrolyzing biomass-derived
CBDA-2 in basic conditions 8. When treated with mercury ions, the fluorescence of GQDs was quenched.
Exploiting the intramolecular charge transfer (ICT) mechanism, Duan’s team introduced a new phenothiazine-
based sensor BZ PHE-Ad, for monitoring Hg2*. With its excellent fluorescent signaling behavior and low
cytotoxicity, PHE-Ad proved to be successful in detecting and imaging Hg?* in living cells. Furthermore, the same
team reported another two novel PET fluorescent probes, CH3-R6G and CN-R6G, rationally synthesized by partial
doping of rhodamine 6G fluorophore with a triazolyl benzaldehyde moiety and applied with great success for Hg2*
imaging in breast cancer cells B8, Ding et al. reported the synthesis of ethyl 2,5-diphenyl-2H-1,2,3-triazole-4-
carboxylate 9, which was then introduced into rhodamine B to produce a novel derivative, REDTC. This probe
exhibited remarkable selectivity for Hg2* through a chromogenic reaction, without interference from other metal
ions. Lastly, two novel NIR monosulfide probes, MTSQ-1 and MTSQ-2, were designed and used for Hg?* imaging
based on a mercury deuteration strategy (9. Particularly, the MTSQ-2 was packaged in a B-CD and showed

excellent performance for imaging Hg2* in HelLa cells as well as a high signal-to-background ratio.

2.7. Cd?*

Cadmium ions, one of the most dangerous heavy metals, can affect various cellular physiological effects. Toxic
cadmium ions may lead to acute or chronic toxicity, causing cancer and other diseases. The development of highly
sensitive and selective methods for the detection of cadmium ions in cells is still challenging. Lin et al. developed a
highly selective probe, (E)-4-(4-([2,2":6',2"-terpyridin]-4"-yl)styryl)-1 octadecylpyridin-1-ium bromide (ZC-F8) 81, The

fluorescence spectra of ZC-F8 showed an excellent response to Cd?* through both an intramolecular charge
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transfer effect and an AIE effect. Moreover, the results of cell imaging experiments showed that the probe has ideal
membrane permeability and a labeled property for Cd2*, indicating its promising application in the detection and
tracking of metal ions in living cells. In addition, Liao’s team successfully synthesized a new peptide-based probe
(DSC) with good water solubility and biocompatibility, showing a fluorescent “turn-on” response to Cd2* based on
the PET principle ©2. Fluorescence imaging experiments showed that DSC can selectively monitor Cd2* in living
cells.

2.8. Au3*

Gold has a broad range of uses in chemistry, catalysis, and medicine. However, the binding of Aus* with certain
DNA and enzymes poses severe health risks, causing damage to organs. Guo et al. synthesized carbon dots by a
simple solvothermal method using the acetic acid-treated peel of red dragon fruits, called ACDs €31, With their high
sp2-hybrid carbon and carboxyl group contents, ACDs can efficiently convert Au3* to Au® and stabilize the resulting
AuNPs. Electron transfer from ACD to Au3* and the inner filtering effect from ACD to AuNPs synergistically
guenched the fluorescence within 30 s. In addition, ACDs possessed promising photo-stability, low cytotoxicity, and

favorable biological compatibility, enabling their successful application in intracellular Au3* sensing and imaging.

2.9. AI?Y

The Nikhil group synthesized a new compound, (E)-2-(benzamido)-N'-((2-hydroxynaphthalen-1-yl) methylene)
benzohydrazide (BBHAN) 84, which belongs to the Schiff base derivative family and contains a hydrazine-bridged
anthranilic acid-naphthalene conjugate. BBHAN is a highly sensitive AI®* detection probe with a limit of detection of
1.68 x 109 M. Its detection mechanism is based on the chelation-enhanced fluorescence phenomenon, as
demonstrated by time-resolved fluorescence measurements. Moreover, BBHAN is capable of detecting Al®* in
MDA-MB-468 cells. Later, Jessica et al. designed and synthesized a new series of Schiff base chemosensors to
sense AI3* 83, The molecular solubility and compatibility of the amino acid Schiff base (A) in the presence and
absence of AI** were well demonstrated. Furthermore, in human epithelial cells Hs27, the fluorescent bioimaging
applications were demonstrated. In the same way, Wang et al. designed an innovative nanoprobe by co-self-
assembling an amphiphilic polymer containing a Schiff-base fluorescent unit [€8. This novel nanoprobe not only
provides high sensitivity for AI®* imaging but also has the potential to be applicable to other ions or biomolecules by

adjusting the fluorescent unit incorporated into the amphiphilic polymer.
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