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Magnesium is a ubiquitous element in the natural environment and plays an indispensable role in various
biological processes in living organisms. This review focuses on the diverse functions of magnesium ions
(Mg?*) in living cells, particularly emphasizing their role in the immune and cardiovascular systems. We
discuss how Mg®* regulates key cellular processes, including enzyme catalysis, cellular signaling and
nucleic acid structural stabilization, and explore the adverse effects of magnesium imbalance, which has
been associated with numerous diseases ranging from cardiovascular to neurological disorders. Given
these critical functions, accurate measurement of Mg>* is essential. Thus, we also summarize a variety of
analytical techniques for Mg?*, ranging from traditional methods like atomic absorption spectrometry and
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escence strategies. Bringing together recent advances in Mg2+ detection with a deeper understanding of
its biological role, this review aims to promote the systematic integration of Mg®* research in biomedical
rsc.li/analyst and clinical practice, in particular in the field of disease diagnosis and treatment.

1. Introduction

Magnesium is the fourth most abundant mineral in the
human body, after calcium, sodium and potassium, and is
involved in a wide range of physiological functions, including
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Mg”" concentration is crucial for maintaining cellular func-
tion,” as it can participate in catalytic reactions as a cofactor
for numerous key enzymes and is also involved in cellular sig-
naling, gene expression regulation, and cell cycle control at
multiple levels. Furthermore, Mg>" plays a pivotal role in nerve
conduction, muscle contraction, and cardiovascular function.?
Its biological functions extend beyond the biochemical reac-
tions in which it is directly involved. It also exerts indirect
regulatory effects on a multitude of physiological processes by
influencing intra- and extracellular ionic homeostasis.* For
example, the synergy between Mg”* and calcium ions (Ca*>") is
crucial for the proper functioning of the heart and muscles.
Although Mg”* plays a critical role in biological activities,
an imbalance in its levels—whether deficient or excessive—
can lead to significant health problems. Mg>* deficiency is a
global public health challenge, with hypomagnesemia (Mg>*
concentrations below the normal range) being associated with
a range of health problems, including high blood pressure,
diabetes, metabolic syndrome, nerve damage, premature aging
of cells, and the effects of chemotherapy on cancer. On the
other hand, the relatively uncommon form of hypermagnese-
mia (abnormally elevated Mg>* concentrations) is strongly
associated with chronic kidney disease.’ It is, therefore, of
great importance to study the mechanisms regulating Mg”* in
cellular processes in order to gain a deeper understanding of
these disorders and to develop more effective treatments.
Given the importance of Mg>* in health and disease, accu-
rate measurement of Mg>" levels is essential, and a wide range
of detection techniques have been developed. From the early
days of simple colorimetric methods to today’s chemical
imaging techniques, each of these methods has its own
strengths and weaknesses in terms of sensitivity, accuracy, and
applicability, providing varying degrees of insight into under-
standing the dynamics of Mg>" in living organisms.® However,
due to the wide distribution of Mg>" in vivo and the significant
variability in its concentration, it may be difficult for routine
assays to accurately reflect the state of Mg>" at the cellular or
tissue level, which poses a considerable challenge for accurate
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detection. In view of this, the creation of novel biomarkers and
more accurate detection techniques has emerged as a promi-
nent area of research in recent years. Fluorescence imaging
has become a powerful and economical method for real-time
tracking of Mg>* distribution, absorption and movement due
to its increased sensitivity, non-invasive nature, and superior
spatial and temporal resolution.”

In this review, we provide a comprehensive overview of the
physiological roles and detection methods of Mg**, with a
special focus on the recent contributions of non-fluorescent
and fluorescent probes to the detection of Mg>". These
advances in technology will provide more accurate diagnostic
tools for disease and increase our understanding of the
potential role of Mg?" in the prevention and treatment of
disease. This review aims to assess the current
technological limitations and explore the prospects for pro-
gress in this field.

2. Magnesium homeostasis in the
human body

As the most abundant divalent cation in cells, Mg>" plays an
irreplaceable role in these human physiological functions,
from regulating a wide range of immune cells to maintaining
the structural stability of nucleic acids.® However, abnormal
Mg”* levels can trigger diseases such as high blood pressure
and irregular heartbeat, so the body needs to keep Mg>" levels
in balance to stay healthy. Below, we will highlight the relation-
ship between Mg”* and various physiological systems.’

2.1 Immune function

Mg>* is instrumental in modulating the immune system,
specifically in the management of diverse immune cell
functions.'®'" For the innate immune system, Mg>" deficiency
activates polymorphonuclear leukocytes, leading to augmented
phagocytosis and oxidative stress.'> Conversely, in monocytes,
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Mg>" supplementation reduces cytokine production in
response to toll-like receptor (TLR) stimulation.”® Mg>" is also
essential in the modulation of the adaptive immune system,
influencing the development, maturation and expansion of
lymphocytes.’* Moreover, recent structural biology studies
have demonstrated that various ion channels and transporters
associated with Mg>" (such as MgtE, CorA, and CorC) maintain
Mg>" homeostasis in the immune system by precisely control-
ling Mg®" transmembrane transport. These channel domains
facilitate the movement of various cations, including Mg*>* and
Ca*, across different subcellular compartments. It has been
established that, among these, the TRPM7 protein is highly
expressed in cells such as white blood cells and in various
organs, including the heart and kidneys."'® It has been
demonstrated that TRPM7 plays a pivotal role in the activation,
proliferation, and survival of T and B cells. For example, mice
lacking TRPM7 exhibit substantial abnormalities in T cell
development and B cell maturation. Nevertheless, this effect
could be partially reversed by culturing cells in a medium
enriched with high concentrations of Mg**.'”*8

Notably, Mg>" is critical for modulating the activity of CD8" T
cell effector functions. CD8" T cells are an integral part of the
adaptive immune system and play a key role in identifying and
eliminating infected or malignant cells. In mice, a reduction in
serum Mg>" concentration has been observed to impair CD8"
T-cell responses to influenza A virus, diminish T-cell activation,
and exacerbate pathology.'® As posited by Lotscher et al., Mg**
influences the effector function of CD8" T cells by mediating
LFA-1 (leukocyte function-associated antigen 1) receptor
sensing.’® LFA-1 is an important co-stimulatory molecule, and
Mg”" is able to promote conformational changes of LFA-1 and
enhance CD8" T cell activation, metabolic reprogramming,
immune synapse formation, and other key processes. These pro-
cesses are crucial in anti-tumour immunity. Mg>" enhances the
anti-tumour effect of CAR-T cells in the treatment of large B-cell
lymphoma and non-small cell lung cancer through its regulatory
effect on LFA-1. Research findings have indicated that patients
with elevated serum Mg”* levels show a higher chance of survival
after treatment with CAR-T cell therapy and immune checkpoint
inhibitors (Fig. 1).
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Fig.1 CAR T-cell therapy and immune checkpoint inhibition in the
treatment of large B-cell lymphoma and non-small cell lung cancer and
the impact of Mg?* levels on patient survival. Adapted with permission
from ref. 19, Copyright 2022, Elsevier.
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Inflammation constitutes a prevalent form of immune
system response, serving a protective function against infec-
tion and injury. Studies have shown that Mg®" transporter pro-
teins (e.g;, TRPM7 and MagT1) are involved in the regulation
of inflammation. For example, Rios et al. observed the develop-
ment of cardiac hypertrophy, inflammation and fibrosis in
TRPM?7 heterozygous mice, accompanied by decreased levels
of Mg?*, upregulated expression of inflammatory factors and
transcription factors, and increased macrophages.” In con-
trast, Schilling et al. found that inhibition of TRPM7 resulted
in the abrogation of IL-4-induced macrophage proliferation
and the prevention of polarization to an anti-inflammatory M2
phenotype.*! Furthermore, Li et al. demonstrated that endocy-
tosis of Mg”" can be modulated by regulating MagT1 function,
which affects T-cell signaling and activation. Loss of function
of the MagT1 gene results in an immunodeficiency syndrome
known as XMEN (X-linked immunodeficiency with magnesium
deficiency, EBV infection and neoplasia).>***

2.2 Cardiovascular system

Mg>" plays a key role in maintaining cardiovascular health in
humans. Firstly, Mg”>* stabilizes myocardial excitability and
contractility by acting on calcium channels and sodium-pot-
assium pumps. Secondly, Mg*" regulates myocardial contracti-
lity by antagonizing Ca®" movement within cardiomyocytes,
and finally, Mg>" exerts an anti-inflammatory effect, reduces
vascular endothelial damage, promotes nitric oxide production
and vasodilates blood vessels (Fig. 2).>**°

Mg>" has been demonstrated to be intimately associated
with the precise regulation of electrophysiological activities of
cardiomyocytes. The central mechanism of action of Mg>" is
reflected in the dynamic processes of cardiac action potential.
The myocardial action potential cycle is generally divided into
five phases, in which Mg®" acts mainly in the second and third
phases. During the second phase of the cardiac action poten-
tial, Mg>" plays a regulatory role in the inward flow of Ca®",
preventing Ca®* overload by inhibiting L-type Ca**
channels.***” Mg** binds to Ca®** channels, affecting Ca**
flow, and its effect on Ca®>" channel current may be influenced
by the phosphorylation state of the channel.”® In the third
phase, delayed collation of potassium channels drives cellular
repolarization via fast-activating (I,) and slow-activating ()
currents, and Mg>* specifically regulates this process: high
concentrations of Mg”* selectively inhibit the I; current in car-
diomyocytes, thereby delaying the transition from plateau
phase to repolarization.”>*° In addition, Mg** also signifi-
cantly affects the third and fourth phases of the action poten-
tial by reducing K* efflux at the end of repolarization.>*

There has been a recent surge of interest in the role of Mg**
in cardiac excitation-contraction coupling, with a particular
focus on its impact on Ca®* mobilization.>* Mg>" interacts with
a variety of proteins and plays a key role in the regulation of
intracellular Ca®" concentrations. Mg>" is also an essential
component of adenosine triphosphate (ATP) that binds to the
cardiac Ca** ATPase and regulates the sodium-calcium exchan-
ger NCX1’s affinity for Ca>*".?*?*
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Fig. 2 The role of Mg?* in the excitation-contraction coupling of cardiomyocytes. The mycardial action potential cycle consists of five phases.
Phase 0: rapid depolarisation; Phase 1: initial repolarisation; Phase 2: plateau phase; Phase 3: repolarisation; Phase 4: resting phase. ATP: adenosine
triphosphate; Ca*: calcium ions; Iy,: voltage-dependent sodium channel; /o: transient outward potassium channel; /s: slow component of delayed
rectifier potassium channel; /,,: rapid component of delayed rectifier potassium channel; L-/.,: L-type calcium channel; It “funny” pacemaker
current; K*: potassium ions; Na*: sodium ions; Mg?*: magnesium ions; NCX: sodium—calcium exchanger; SERCA: sarcoplasmic/endoplasmic reticu-
lum calcium ATPase. Adapted with permission from ref. 24, Copyright 2018, Elsevier.

The significant vasodilatory effect of Mg>* is achieved
through a multitude of mechanisms. Lack of Mg”" increases
oxidative stress and endothelial cell injury, leading to an
elevation in reactive oxygen species (ROS) and inflammation,
which weakens endothelial function and affects vasodilatory
capacity. Meanwhile, moderate amounts of Mg>" can upregu-
late the expression and activity of endothelial-type nitric oxide
synthase (eNOS), which significantly increases the synthesis
and release of nitric oxide (NO) and decreases the synthesis of
the vasoconstrictor factor endothelin-1, ultimately facilitating
vasorelaxation and lowering blood pressure.”>?° Furthermore,
Mg>* has been shown to affect vascular function by regulating
Ca”®" influx into vascular smooth muscle cells. Reducing Ca>*
influx results in a decrease in vasoconstriction and an increase
in vasodilation.?”

2.3 Skeletal and muscular

As a key regulator of bone metabolism, Mg>* maintains the
dynamic homeostasis and structural integrity of bone tissue
through a multi-dimensional mechanism. Human bone is a
major storage site for Mg”*, and Mg”" interacts with hydroxy-
apatite crystals in bone to increase the solubility of Ca** and
phosphate, affecting crystal growth and size. Mg** also pro-
motes osteoclast proliferation, and its deficiency leads to
reduced bone formation, such as reduced osteoblast number
and bone mass in magnesium-deficient rats.*®

Mg”" is essential for Ca>* metabolism. As well as assisting
in absorbing Ca**, Mg®" helps to maintain Ca*>" balance by

2982 | Analyst, 2025, 150, 2979-2999

modulating the secretion of parathyroid hormone (PTH) and
the function of vitamin D. PTH is released by the parathyroid
glands when there is a detected drop in blood Ca®" levels.
Abnormalities in PTH levels, whether too high or too low, can
lead to disturbances in Ca®*" metabolism and bone disorders,
which can result in conditions such as osteoporosis or bone
softening.?® In addition, Mg”" is an essential cofactor for many
of the enzymes involved in the metabolism and regulation of
vitamin D. The conversion of vitamin D to its active form, 1,25
(OH)2D3, occurs in two steps. Initially, vitamin D3 is converted
to 25(OH)D in the liver by magnesium-dependent 25-hydroxyl-
ase, and then to its active form, 1,25(0OH)2D, by 1a-hydroxylase
in the kidneys. Mg>" is also required for the activity of vitamin
D-binding protein (DBP), which is responsible for transporting
vitamin D in the blood. While 1,25(0OH)2D3 synthesis also
occurs in other tissues, such as the brain and testes, the
majority of serum 1,25(OH)2D3 is produced in the kidneys
(Fig. 3).*® The steroid hormone 1,25-dihydroxyvitamin D3
(1,25(0OH)2D3) stimulates the vitamin D receptor and,
consequently, the transcription of genes that are sensitive to
vitamin D signaling.*’ While vitamin D enhances intestinal
Mg>* absorption, a deficiency in Mg?>*, which is associated
with vitamin D-dependent rickets, results in a reduction in
1,25(0OH)2D3 levels.”” The whole process reflects the bidirec-
tional regulatory role of Mg>" in vitamin D metabolism
homeostasis.

This calcium-magnesium-vitamin D triangular regulatory
network plays a pivotal role in maintaining the homeostasis of

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Mg?" is essential for the activity of vitamin D-binding protein
(DBP), which is responsible for transporting vitamin D (e.g., D2 and D3)
in the blood. [VDR: vitamin D receptors]. Adapted with permission from
ref. 40, Copyright 2019, Elsevier.

the skeletal system, with its effects extending to the level of
skeletal muscle function. It affects muscle contraction by com-
peting with Ca®" for binding sites on troponin C and myosin.*?
In the resting state, because the concentration of Mg>" in
muscle cells is much higher than that of Ca*>*, Mg>" occupies
the Ca®>" binding sites and prevents muscle contraction. Upon
the release of Ca®>* from the sarcoplasmic reticulum, Ca®" dis-
places Mg>*, triggering muscle contraction; in cases of Mg>*
deficiency, even a small amount of Ca®>" can displace Mg>",
leading to excessive muscle contraction, which can cause
muscle spasms and twitching. Therefore, Mg>* is important
for maintaining normal muscle activity and preventing invo-
luntary contractions.

2.4 Energy metabolism

ATP is the primary energy currency of the cell. Mg>" is essential
for intracellular ATP synthesis. Due to the ability of Mg>*

bind with inorganic phosphate, ATP, phosphocreatine, and
other phosphorus metabolisms to form complexes, it can have
a significant impact on numerous metabolic reactions, par-
ticularly those related to carbohydrate metabolism and cellular
bioenergetics, which release energy through hydrolysis of the
phosphate group. In addition, Mg>* plays a crucial role in
maintaining the ATP structure, thereby enhancing energy
transfer efficiency.”® Glycolysis represents a fundamental
aspect of cellular metabolism, whereby glucose is broken
down into pyruvate, releasing energy for cellular activity. Mg**

This journal is © The Royal Society of Chemistry 2025
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serves as an indispensable cofactor for numerous glycolytic
enzymes during glycolysis. By stabilizing the negatively
charged ATP, Mg>" facilitates the recognition of ATP by glyco-
lytic enzymes, including hexokinase, phosphofructokinase,
phosphoglycerate kinase and pyruvate kinase, thereby
enabling the smooth progression of the reaction. In addition,
aldolase and enolase require Mg>* to maintain enzyme stabi-
lity and activity, although they do not directly depend on the
binding between Mg”* and ATP.** A lack of Mg>" within a cellu-
lar milieu can lead to a decrease in the efficacy of glycolysis,
affecting energy supply. This phenomenon is particularly
evident in cells with high metabolic demands, such as muscle
or brain cells, and may result in fatigue or metabolic
disorders.

Mitochondrial function is a key aspect of energy metab-
olism, and its efficient operation directly determines the level
of cellular energy supply. Mg®", as a key regulator in this
process, plays an irreplaceable role in maintaining the activity
of three key mitochondrial dehydrogenases, including dehy-
drogenase (IDH), o-ketoglutarate dehydrogenase complex
(OGDH), and pyruvate dehydrogenase (PDH) (Fig. 4).*° IDH is
directly stimulated by the Mg**-isocitrate complex, while
OGDH is activated by free Mg®*. In addition, Mg>* promotes
the activation of the PDH through indirect action on pyruvate
dehydrogenase phosphatase. This phosphatase activates pyru-
vate decarboxylase (a key component of PDH) by removing the
phosphate group from the enzyme. In addition, Mg>" is a key
activator of ATP production by the mitochondrial Fo/F1-ATPase
complex, thereby significantly affecting ATP synthesis, mito-
chondrial membrane potential, and cellular respiration pro-
cesses.”” In addition to Mg>*, iron (Fe) within heme and iron-
sulfur clusters in the electron transport chain are vital for
mitochondrial oxidative phosphorylation, and copper ion
(Cu®") serves as a cofactor in cytochrome coxidase.*®*° In the
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Fig. 4 Regulation of mitochondrial functions by Mg?*. TCA: tricar-
boxylic acid cycle/Krebs cycle; ACoA: acetyl coenzyme A; C: citrate; IC:
isocitrate; OG: 2-oxoglutarate; SC: succinyl coenzyme A; S: succinate; F:
fumarate; M: malate; OA: oxaloacetate; SLC41A3: mitochondrial Mg?*
efflux system; OXPHOS: oxidative phosphorylation. Adapted with per-
mission from ref. 46. Copyright 2017, Wiley.
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case of a-ketoglutarate as an oxidizing substrate, OGDH rep-
resents the primary step in oxidative phosphorylation, which is
regulated by Mg>". Conversely, in the case of succinate as a
substrate, ATP synthase exhibits Mg”* sensitivity.”® The intra-
cellular Mg*>* dynamic equilibrium is maintained through
interactions with ATP, the source of energy. Mg>" levels are
lower in the brains of patients with mitochondrial cytoskeletal
disorders. Coenzyme Q10 supplementation enhances mito-
chondrial function and oxidative phosphorylation, indirectly
promoting mitochondrial Mg®" uptake and increasing cyto-
plasmic Mg** levels.”

2.5 Nervous function

In the brain, Mg>" is not only involved as a metabolite in all
biochemical pathways, but also plays a fundamental role in
neural signaling and the maintenance of ionic homeostasis,
and has been implicated in a variety of neurological disorders.
Mg>" inhibits the inward flow of Ca®* by blocking voltage-
dependent channels and also prevents calcium release
mediated by inositol 1,4,5-trisphosphate and ryanodine recep-
tors. The inhibitory effect of Mg>" helps to avoid excess Ca>"
influx, thereby preventing neuronal hyperexcitability or
neurotoxicity.”*

The importance of Mg>" is further demonstrated by its
association with N-methyl-p-aspartate (NMDA) receptors.
Glutamate, as the predominant excitatory neurotransmitter in
the central nervous system (CNS), plays a key role in neuronal
communication. Glutamate facilitates the influx of Ca>'/
sodium ions (Na") and the efflux of potassium ions (K) when
it is bound to NMDA receptors (Fig. 5).°* It has been shown in
the presence of elevated membrane potentials and low Mg>*
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Fig. 5 Glutamatergic N-methyl-p-aspartate receptor with magnesium-mediated block of calcium channel. In the state of neuronal inactivity, Mg
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levels, activation of NMDA receptors is increased and closure
of NMDA channel is decreased, which in turn results in neuro-
nal hyperexcitability, oxidative stress, and cell death. In
addition, Mg”* is involved in regulating the inhibitory effects
of gamma-aminobutyric acid (GABA) receptors and influences
the inward flux of chloride ions (Cl7), which contributes to
hyperpolarization of nerve cells and inhibit neuronal excit-
ability.* Additionally, Mg”" is crucial for the maintenance of
the blood-brain barrier’s (BBB) structural and functional
integrity. This is achieved through the modulation of Ca*>* con-
centrations in endothelial cells, regulating tight junction pro-
teins.>®> Alongside Mg**, Ca®>" acts as a key second messenger
in neuronal signaling, mediating neurotransmitter release and
synaptic plasticity, while zinc (Zn**) concentrated in synaptic
vesicles modulates neurotransmission, particularly at glutama-
tergic synapses.’® By modulating neuronal excitability, redu-
cing neuroinflaimmation and improving neurotransmitter
homeostasis, Mg>* can help prevent and treat a wide range of
neurological disorders. Numerous studies have shown that
Mg>" deficiency is strongly associated with a variety of neuro-
logical disorders, including Alzheimer’s disease, Parkinson’s
disease, and stroke.”” Adding Mg>" to the diet can be effective
in reducing symptoms and slowing the progression of these
conditions.

2.6 Nucleic acids

Mg”" acts as a critical structural stabilizer for nucleic acids
(DNA and RNA), orchestrating their three-dimensional (3D)
architecture through charge neutralization and coordination
chemistry. Firstly, Mg>" is capable of forming stable complexes
with the phosphate groups of DNA, which helps to stabilize
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exerts an inhibitory effect on the NMDA receptor channels, thereby impeding the influx of Ca®*/Na* into the cell, thus preventing excessive neuronal
excitation. Conversely, when the neuron becomes active and depolarises, Mg>* leaves the channel, allowing Ca?*/Na* to pass through. Adapted

with permission from ref. 53, Copyright 2008, Elsevier.
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the double helix structure of DNA. The positive charge of Mg>*
is attracted to the negative charge on the DNA backbone,
thereby reducing the repulsive forces between the strands of
DNA.® However, at very low or very high concentrations, Mg>*
can destabilize DNA by affecting its structure, enzyme activity
and repair mechanisms.>® Secondly, Mg®>* forms ligands with
phosphate groups and oxygen atoms of nucleotides, thereby
further stabilizing the nucleic acid structure. In particular,
Mg>* contributes to the formation of complex secondary and
tertiary structures in RNA, including the folding of transfer
RNA (tRNA) and ribosomal RNA (rRNA) (Fig. 6).°° Mg>" is also
involved in the stabilization of superhelices, preventing DNA
and RNA from unraveling or denaturing at high temperatures
or under other adverse conditions. Therefore, Mg>* plays a
pivotal role in maintaining the functional and structural integ-
rity of nucleic acids.®"®?

Additionally, Mg** serves as a cofactor for numerous
enzymes involved in DNA and RNA metabolism. Firstly, Mg>*
acts as an enzyme cofactor, assisting enzymes such as DNA
polymerase and RNA polymerase in stabilizing their active
sites and catalyzing the formation and breaking of phospho-
diester bonds. By forming a complex with substrates such as
nucleotides, Mg”* reduces the activation energy of the reaction
and facilitates the binding of the substrate to the enzyme. In
addition, Mg®" helps to maintain the correct 3D conformation
of enzymes, a factor that is critical for their peak enzymatic
activity. The two Mg”* ions in the bimetallic mechanism func-
tion in concert to catalyze reactions and enhance their
efficiency. Alterations in Mg?" concentration also regulate
enzyme activity, influencing DNA replication, repair, and other
crucial processes.®

Nucleic acid synthesis is the process of DNA replication and
RNA transcription that involves the polymerization of nucleo-
tides. Mg>" plays a pivotal role in both processes, assisting in
the incorporation of nucleotides and facilitating the formation
of phosphodiester bonds, thereby ensuring the precision and
efficiency of nucleic acid synthesis.**® Mg>" stabilizes the

Fig. 6 Structure of the Mg®*/RNA chelate (Mg®* 8001 from 23S rRNA
of the Haloarcula LSU; PDB entry 13J2). Adapted with permission from
ref. 60, Copyright 2012, Elsevier.
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nucleic acid structure by neutralizing the negative charge of
the DNA/RNA, thus facilitating the chemical reaction. Mg**
also promotes the hydrolysis of nucleoside triphosphates
(NTP) by neutralizing its negative charge, thereby providing
the energy necessary for nucleic acid synthesis.®® These
actions ensure the stability and function of nucleic acids,
which are essential for normal physiological cell function and
the regulation of gene expression.

3. The detection strategies of Mg®*

In recent years, the detection strategy of Mg>" has become a
significant field in environmental monitoring, food safety and
medical diagnosis. At present, the prevalent detection
methods can be categorized into two types: non-fluorescent
probe detection and fluorescent probe detection. Each detec-
tion method possesses distinct advantages and disadvantages
in terms of sensitivity and selectivity, so the most suitable
method needs to be selected based on the specific application
scenario and requirements. The following section will outline
the methods for detecting Mg>* and their respective
characteristics.®”*®

3.1 Non-fluorescent probes detection of Mg>*

Currently, a variety of non-fluorescent probe methods have
been used for the qualitative and quantitative detection of
Mg>, including atomic absorption spectrometry, electro-
chemical analysis, colorimetric/enzymatic methods, X-ray fluo-
rescence spectrometry and nuclear magnetic resonance spec-
troscopy (Fig. 7). Each of these methods has its own advan-
tages and provides different options for the detection of Mg>*.
Therefore, this section will focus on the non-fluorescent probe
detection methods and discuss their specific applications in
Mg>" detection in detail.

3.1.1 Atomic spectrometry analysis. Atomic absorption
spectrometry (AAS) is the oldest and most widely used tech-
nique for assessing Mg”* in biological samples. It was first
introduced by A. Walsh in the mid-20th century and is based
on the principle that Mg** absorbs light at specific wave-
lengths.®® AAS provides a sensitive and specific method for the
identification of trace elements, which is easy to perform and
economical, with the important advantage of being applicable
to all biological samples.””’" However, there are some
inherent limitations to the technique, including the need for
sample preparation (usually in the form of acidic extracts) and
the need for instrument -calibration. Inductively coupled
plasma-atomic emission spectrometry (ICP-AES) is a technique
that has been proven to achieve detection through the emis-
sion of characteristic spectra after Mg>* excitation.”® It has sig-
nificant advantages over AAS, such as the ability to detect mul-
tiple elements simultaneously, a wide linear range and high
sensitivity analysis, and is particularly suitable for the determi-
nation of trace elements.”*”* The selection of analytical meth-
odology should be guided by the specific analytical require-
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ments, sample characteristics, cost-effectiveness, and labora-
tory capabilities.

3.1.2 Electrochemical analysis. The increasing use of
electrochemical analysis in biochemical analysis covers many
types of electrochemical sensors. Common electrochemical
sensors can be categorized into different types, such as
amperometric, potentiometric, voltammetric, impedimetric,
photoelectrochemical and electrochemiluminescent sensors.””
Electrochemical sensors for detection typically employ selec-
tive electrodes (ISEs) for potentiometric determination. These
electrodes, in conjunction with a reference electrode, consti-
tute an electrochemical system that detects the concentration
of Mg®" by measuring the alteration in electrode potential.”®””
For example, Farahani et al. developed a novel 3D-printed
Mg”>* potentiometric sensor for bioanalysis in microfluidic
devices.”® The sensor was fabricated using 3D printing techno-
logy by immobilizing a functionalized light-cured methacry-
late-based ion-selective membrane (ISEM) on a carbon mesh/
epoxy solid contact sensor (Fig. 8a). The 3D-printed Mg>" selec-
tive electrode (3Dp-Mg”>"-ISE) exhibited an energetic response
of 27.5 mV per decade with a linear range from 39 pM to 10
nM, covering physiologically and clinically relevant levels of
Mg”* in biofluids (Fig. 8b). The sensor also measures Mg”>"
selectively, avoiding interference from other potentially
common ions (Fig. 8c). Compared to polyvinyl chloride (PVC)-
Mg>*-ISE, 3Dp-Mg”>"-ISE has several advantages, particularly in
terms of stability, resistance to biological contamination and
large-scale production (Fig. 8d). The study also demonstrated
the rapid prototyping and optimization capabilities of 3D
printing technology for ISE fabrication, providing new oppor-
tunities for the development of next-generation field diagnos-
tic devices. In their review published in 2018, Lvova et al. dis-
cussed the development of sensors with high selectivity and
sensitivity through the use of specific ionic carriers and poly-
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meric matrices, such as PVC, polypyrrole (PPy), poly(3,4-ethyle-
nedioxythiophene) (PEDOT), etc.”® The great value of electro-
chemical analysis in practical applications provides new
insights and potential for the detection of Mg?". It is antici-
pated that this method will replace traditional analytical tech-
niques, including AAS and ICP-AES, as a more efficient and
rapid detection approach.

3.1.3 Colorimetric/enzymatic assays.
niques are widely utilized in clinical laboratories for the
measurement of Mg>" concentrations. The method is based on
the use of specific metal complexing dyes that undergo a color
change when bound to metal ions, thereby enabling quantitat-
ive analysis by spectrophotometry.®®! Four popular indicators
currently in use include dimethylaniline blue (Magon),**
methylnitrotoluene blue,* methyleneimine dyes,** and calma-
gite.®> Although these indicators can be complex with Mg**
and undergo a color change, their performance can be affected
by interference from other cations. For example, Ca>" exhibits
a higher binding affinity for certain dyes (e.g., Calmagite) than
Mg>*. This results in Ca®" occupying the complexation sites
preferentially, consequently leading to low Mg®" measure-
ments. Unlike the colorimetric method, enzymatic analysis
relies on the physiological function of Mg>" as a cofactor in
numerous enzymatic reactions for the measurement process.
It also relies on spectrophotometric analysis, but has the
advantage over colorimetric methods in terms of improved
selectivity for Mg>" relative to other cations. To illustrate, the
glucose-6-phosphate dehydrogenase (G6PD) method quantifies
Mg>* by measuring NADPH production, demonstrating no
interference from Ca®>" and phosphate, although it may be
influenced by lipemia.*® Furthermore, the glycerol kinase
method offers a rapid, straightforward and automated alterna-
tive for the quantification of Mg”" by measuring the absor-
bance of a red product produced by activated glucokinase.®” In

Colorimetric tech-
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Society of Chemistry.

general, the colorimetric assay is well-suited to rapid, low-cost
experiments, whereas the enzymatic method is more appropri-
ate for studies that require high accuracy and selectivity, as
well as for more complex studies and analyses.

3.1.4 X-ray fluorescence (XRF). The detection of metallic
elements has been a primary focus of chemical imaging
research. The main methods used to visualize metallic
elements in biological samples are based on X-ray emission
spectroscopy techniques, including particle-induced X-ray
emission (PIXE) and synchrotron Xray fluorescence
(SXRF).®889 XRF microscopy is particularly effective in this
regard, as it excites the electrons of an atom’s nucleus to
produce characteristic X-rays, thereby enabling the detection of
elements in samples. The initial proposal of utilizing X-rays
for the detection of Mg>* was put forth by Haigney et al. in
1995, marking the advent of X-ray applications in biological
contexts.’® Individual cells are analyzed by energy dispersive
X-rays to measure the Mg>" content of individual cells.”*
Furthermore, analytical scanning electron microscopy (ASEM)
coupled with energy dispersive X-ray spectroscopy (EDS) has
been demonstrated in clinical studies to be an effective
method for monitoring Mg>* and K" levels in diabetic patients,
receiving Mg>" supplementation therapy. This approach allows
for the simultaneous detection of Mg®>" and other trace
elements, which is advantageous in clinical settings.’® These
techniques offer novel insights into the intracellular function
of Mg”* and its potential role in diseases.

3.1.5 Nuclear magnetic resonance (NMR). NMR is a power-
ful analytical technique typically used to study molecular

This journal is © The Royal Society of Chemistry 2025

structure, dynamics, and chemical environments. NMR is
most commonly used on atoms containing a specific nuclear
spin (e.g.,, 'H, *C, and "N, etc.). While naturally occurring
Mg”* does not have a half spin, NMR can be used indirectly for
detecting and studying Mg?*, especially when Mg** interacts
with organic molecules or ligands. For example, McFadden
et al. employed p-radiation-detection nuclear magnetic reso-
nance (f-NMR) spectroscopy to investigate the formation of
complexes between Mg>" and ATP in 1-ethyl-3-methylimidazole
acetate (EMIM-Ac) solution.”® Utilizing B-NMR spectroscopy,
the researchers were able to observe the chemical shifts of
these complexes and compare them with the results of
quantum chemical calculations, thereby providing substantial
experimental evidence for the structural and dynamic behavior
of the complexes formed by Mg>" and ATP in EMIM-Ac solu-
tion. However, NMR technology is still subject to restrictions
on its clinical applications, mainly due to its limited flux and
high costs associated with hardware and consumables,
coupled with the need for specialized technical expertise to
acquire and interpret NMR spectra. Nevertheless, NMR
remains a valuable experimental tool in the field of elemental
detection, offering a crucial means of elucidating cellular pro-
cesses and biomolecule behaviors.

3.2 Fluorescent probes detection of Mg>*

In recent years, fluorescence imaging has been increasingly
applied to the study of Mg>" because of its significant advan-
tages in determining the dynamic behaviors of individual cells
and observing them in real time. In order to better study the
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amount of Mg>" in cells or body fluids and to assess the mobi-
lity of this ion in the intra- and extracellular environment as
well as between intracellular levels, a number of novel fluo-
rescent probes have been developed for the detection of
Mg**.** Therefore, recent advances in Mg”* fluorescent probes
based on common binding sites for Mg>* will be discussed in
this section.

3.2.1 Fluorescent probes for Mg®>" based on o-amino-
phenol-N,N,O-triacetic acid (APTRA) binding sites. Over time,
the development of methods for the selective detection of
Mg>" has progressed at a gradual pace. In 1957, Hasselbach
published his work, emphasizing the significance of Mg>" in
cellular processes.”> However, over the past five decades, Ca>*
has been regarded as a crucial second messenger in rapid
intracellular responses. As a result, many specialized fluo-
rescent probes have been developed for the precise monitoring
of Ca®" levels in living cells, leading to a relative delay in the
development of specific fluorescent probes for Mg>*. In 2010,
Trapani et al. referred to Mg”* as the “forgotten cation”, and
Mg>" probes have been progressively developed based on exist-
ing Ca”" probes.’® With the increasing research on Mg>*, Mag-
fura-2 was introduced as the first fluorescent Mg”>* indicator
that achieves specific binding of Mg>* based on o-amino-
phenol-N,N,O-triacetic acid (APTRA) motifs, allowing real-time
monitoring of Mg>" concentration in living cells.”” A variety of
fluorescent probes have been developed based on the APTRA
binding sites, including Mag-Indo-1, Mag-Fura-4, Magnesium-
Green, etc.”* These probes provide a powerful tool for studying
the role of Mg>" in biological systems.

In a study inspired by the “fura” fluorophore, Buccella et al.
successfully developed two Mg>* red-shifted ratiometric fluo-
rescent indicators, Mag-S and Mag-Se, by introducing sulfur
or selenium into the azole group of the “fura” fluorophore.’® It
provides longer excitation and emission wavelengths and
greater spacing between excitation bands, which is valuable
for imaging intracellular Mg>" ratiometric measurements. The
red shifts exhibited by Mag-S and Mag-Se are more significant
than those observed in Mag-Fura-2. The development of fluo-
rescent probe technology has highlighted the constraints of
utilizing fluorescence imaging in cellular and organismal con-
texts. BODIPY fluorophores are a preferred option for fluo-
rescence imaging due to their high quantum yield and low
cytotoxicity.”® To this end, Lin et al. have developed two fluo-
rescent probes capable of absorbing and emitting light in the
visible spectrum when they bind to Mg** in aqueous solutions,
leading to a significant increase in fluorescence intensity."*
MagB1 and MagB2 are two fluorescence probes based on
APTRA recognition motifs and different BODIPY fluorophores.
MagB2, a red-emitting styrene BODIPY fluorescent probe, exhi-
bits better metal selectivity and optical properties compared to
green-emitting MagB1. MagB2 has a 58-fold fluorescence
enhancement effect for Mg”>* detection and its Mg>" dis-
sociation constantly matches physiological concentrations,
allowing monitoring of Mg>* changes in living cells without
Ca™ interference. It is suitable for live cell imaging with low
energy excitation and is insensitive to pH changes, making it
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ideal for Mg>* detection in a wide range of cellular
environments.

However, it is inevitable that most of the above-mentioned
Mg>" fluorescent probes with APTRA as a binding site are
single-photon fluorescent probes, which may not be able to
accurately detect Mg** due to their drawbacks such as low
tissue penetration depth and interference from autofluores-
cence. To this end, Kim et al. developed an innovative two-
photon fluorescent probe, AMgl, capable of detecting free
Mg>* at a depth of several hundred micrometers in living
tissue, and this design allowed AMgl to emit strong two-
photon excitation fluorescence (TPEF) when complexed with
Mg>".'" The dissociation constant (Kg) of AMg1 for Mg>" is
1.6 pM, and the two-photon cross section (Srpa) of the AMg1-
Mg>" complex at 780 nm is 125 GM, which is seven times
larger than the drp, values of the commercial probes MgG and
Mag-fura-2. The team then introduced two new two-photon
fluorescence probes, FMgl and FMg2, in combination with
another probe, BCaM, which allow two-color imaging of Mg>*/
Ca”" activity in living cells as well as imaging of the distri-
bution in living tissue at a depth of 100-200 pm.'°*'°® These
probes showed high photostability in live cell imaging with
minimal effect on cell activity. Using two-color imaging, the
researchers were able to observe the dynamic changes in Ca**
and Mg>" induced by epidermal growth factor (EGF) in HepG2
cells, which is crucial for understanding the biological pro-
cesses of intracellular Mg>" and Ca®" interactions.

A comprehensive investigation into the role of Mg>* in
mammalian cells has revealed that these cells undergo signifi-
cant alterations in their total Mg** content when subjected to
metabolic or hormonal stimulation. Conversely, the concen-
trations of free ions within the cytoplasm remain largely unal-
tered. This finding indicates the existence of organelles that
dynamically regulate Mg>* levels in cells. However, the cur-
rently available toolbox is insufficient for the purpose of reveal-
ing them. It is therefore imperative to develop targeted fluo-
rescent probes to detect metal levels in specific organelles and
to study patterns of ion accumulation and mobilization. To
this end, D. Buccella et al. designed and synthesized a series
of novel fluorescent probes for targeting mitochondria for the
detection of free Mg?* (Fig. 9a).’°* They then synthesized a tar-
geted mitochondrial probe, Mag-mito, together with a non-tar-
geted probe, 7c, through the introduction of a lipophilic cat-
ionic alkyl phosphate ester moiety and the enhancement of
cellular membrane permeability by acetyloxymethyl ester (AM)
modification. The blue shift of the fluorescence excitation
maximum of probe 7¢ with increasing Mg** concentration
demonstrated a relatively good response of the fluorescent
probe to Mg>* (Fig. 9b). The authors demonstrated wide-field
fluorescence imaging of intracellular free Mg®" in living HeLa
cells treated with mitochondria-targeting Mag-mito and non-
targeting control 7c. The results demonstrated that the Mag-
mito probe was capable of specifically targeting and detecting
free Mg>" in mitochondria in living HeLa cells, whereas the
non-targeting control 7c¢ exhibited a nonspecific intracellular
distribution. These data were essential for validating the tar-
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Fig. 9 Imaging and application of the mitochondria-targeted fluorescent probe Mag-mito for the detection of free Mg?*. (a) Response mechanism
of triazole-based fluorescent sensor to Mg?*. (b) Fluorescence excitation spectra of probe 7c (2 pM) with increasing concentration of MgCl, (50 mM
PIPES, 100 mM KCL, pH 7.0, 25 °C). (c) Wide-field fluorescence imaging of free Mg?* in the form of acetoxymethyl ester in HeLa cells after treatment
with 1 pM of Mag-mito targeting mitochondria or non-targeting control 7c. [DIC: phase contrast interferometry image; 340 nm: fluorescence under
340 nm excitation; 380 nm: fluorescence under 380 nm excitation; 340/380 nm: fluorescence ratio under 340/380 nm excitation; Mito Tracker:
Mito Tracker green pseudo color in red; overlay: overlay of 380 nm channel and mitochondrial staining images]. Zoom bar = 20 pm. (d) Wide-field
fluorescence imaging of mitochondrial free Mg?* in live Hela cells treated with 1 M Mag-mito and 1 pM apoptosis-inducing staurosporine or
vector. DIC images are shown with fluorescence ratiometric controls. Zoom bar = 20 pm. Reproduced with permission from ref. 104, Copyright

2015, Royal Society of Chemistry.

geting and functionality of the probe (Fig. 9c). Subsequently,
the authors investigated the alterations in mitochondrial Mg”*
levels during staurosporine-induced apoptosis in HeLa cells
and observed a significant increase in mitochondrial Mg**
during the initial stages of apoptosis (Fig. 9d). This finding
offers a novel insight into the function of Mg”* in mitochon-
drial processes and apoptosis.

Nevertheless, more comprehensive design strategies for tar-
geting imaging in other select compartments, including the
nucleus and Golgi apparatus, remain scarce. Buccella et al.
have developed a two-step strategy for the targeted anchoring
of probes and in situ activation of fluorescent signals within
specific organelles.'® This strategy exploits bioorthogonal
reactions between tetrazine-modified probes and strained
alkyne hydrocarbons (with predefined localization) in geneti-
cally encoded fusion proteins to achieve precise detection of
Mg”" in living cells and tissues. A system combining the small
molecule fluorescent probe Mag-S-Tz and the HaloTag fusion
protein was designed to activate fluorescence at specific
locations within the cell via in situ fluorescence generation
reactions. This approach minimizes the accumulation of
unbound fluorophores in non-targeted organelles and
improves spatial resolution. In the experiments performed
with HEK 293T cells, the system demonstrated its ability to
comparatively assess free Mg”" levels in different cellular orga-
nelles. This revealed significant disparities in Mg”>* levels
between different organelles, highlighting the potential and
applicability of this approach to explore the intracellular path-
ways and destinations involved in metal ion transport.

This journal is © The Royal Society of Chemistry 2025

Subsequently, Matsui et al. designed fluorescent probes for the
HaloTag-coupled Mg”* green derivative, MGH, which increased
intracellular retention time, enabling ion imaging over
extended periods and facilitating the differentiation of transi-
ent signals from sustained changes in chronic regulation.'®®
These studies offer novel insights into intracellular Mg**
dynamics and provide a valuable tool for developing metal ion
sensing strategies targeting specific biological processes.

3.2.2 Fluorescent probes for Mg”* based on charged
p-diketones binding sites. Typically, the aforementioned
probes with APTRA as a specific binding site result in a strong
Ca>" interference due to a 100-fold higher affinity for Ca>* than
for Mg>". In the context of these challenges, alternative recep-
tors comprising charged p-diketones or analogous
B-dicarbonyl bidentate ligand moieties have been effectively
integrated into fluorescent probes for the quantification of
Mg**,

Derivatives of KMG have been developed with the objective
of providing high-affinity and selective detection of Mg”". The
molecular design of the KMG series is based on a charged
B-diketone as the Mg>*-selective binding site. In 2002, Suzuki
et al. synthesized two innovative Mg”* fluorescent probes,
KMG-20 and KMG-27, which are based on coumarin deriva-
tives and incorporate a charged p-diketone structure.'®” These
probes form complexes with Mg>" in a 1:1 ratio and exhibit
red-shifted absorption and fluorescence spectra with an
increase in fluorescence intensity. The binding constants of
these probes to Mg”" are approximately 3-fold higher than
those to Ca**, showing selectivity for Mg”>* that is more than
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200-fold higher than commercially available fluorescent mole-
cular probes for Mg>* (e.g., mag-fura-2 and Magnesium Green).
Additionally, the fluorescence imaging of these probes in PC12
cells was demonstrated using fluorescence microscopy. When
KMG-20-AM and KMG-27-AM, where AM is an acetoxymethyl
ester group, were introduced into the cells, intense fluo-
rescence was detected in the cytoplasm. In contrast, the fluo-
rescence signal in the nucleus was significantly less pro-
nounced. Following treatment with a high-K' medium, an
increase in intracellular Mg>" resulted in a notable enhance-
ment in fluorescence intensity. This approach enabled the suc-
cessful visualization of Mg** release from the reservoirs in real-
time.

Subsequently, Komatsu et al. developed three fluorescein-
based Mg?" fluorescent probes, KMG-101, KMG-103, and
KMG-104, for highly sensitive and selective imaging of intra-
cellular Mg>".'%® KMG-103 and KMG-104 have suitable dis-
sociation constants to increase fluorescence intensity nearly
10-fold over the 0.1-6 mM Mg”* concentration range, enabling
high-contrast Mg®* measurements. They are 10-fold more
selective for Mg”* than Ca®>* and are insensitive to pH changes,
improving the reliability of intracellular measurements. To
facilitate intracellular application, the membrane-permeable
probe KMG-104AM was synthesized and successfully incorpor-
ated into PC12 cells. Using confocal microscopy, the authors
observed the 3D concentration distribution of Mg>" in PC12
cells, confirming the effectiveness of the KMG-104 probe in
cellular imaging. Using the mitochondrial uncoupler FCCP,
the authors monitored changes in intracellular Mg>* levels,
demonstrating the potential of these probes to monitor intra-
cellular Mg>* dynamics. To investigate the mobilization and
potential mechanisms of Mg>*, Fujii et al. cleverly integrated
the fluorescent probe KMG-104 into proteins and developed a
novel FlAsH-type Mg”>* fluorescent probe, KMG-104-AsH, for
specific protein labelling and detection of local changes in
intracellular Mg>* concentration."® KMG-104-AsH combines
the KMG-104 and FlAsH probes to specifically bind proteins
containing a tetracycline peptide tag (TCtag). In HeLa cells, the
probe successfully labeled TCtag-actin and mKeima-TCtag and
was able to detect concentration changes caused by FCCP-
induced release of mitochondrial Mg?*, demonstrating the
potential to monitor Mg>* dynamics in specific regions of the
cell.

Extensive research has focused on the visualization of mito-
chondrial Mg** dynamics in living cells. To address this chal-
lenge, Shindo et al. developed KMG-301, a novel Mg*" fluo-
rescence probe based on a rhodamine backbone.''® KMG-301
exhibits a 45-fold fluorescence enhancement at 100 mM Mg>",
with a dissociation constant of 4.5 mM for Mg>", and is insen-
sitive to other ions such as Ca®", Na*, and K. In experiments
with PC12 cells and rat hippocampal neurons, KMG-301 suc-
cessfully detected a decrease in mitochondrial Mg>* concen-
tration and an increase in cytoplasmic Mg** concentration
after FCCP treatment. Under conditions simulating
Parkinson’s disease, KMG-301 showed a gradual decrease in
mitochondrial Mg>* concentration, demonstrating its potential
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to study mitochondrial Mg** function and disease effects, and
providing a new tool for understanding intracellular signaling
and disease mechanisms.

While the aforementioned fluorescence has made signifi-
cant advancements in the detection of Mg, it still exhibits
limitations in terms of selectivity and multicolor imaging. To
this end, Murata et al. developed the KMG-500 series of Mg>*
fluorescent probes with charged p-diketones as binding sites
and Si-rhodamine as a near-infrared fluorophore.''' These
probes exhibit a PET-type switching response (Fig. 10a). Two of
the KMG-500 series of probes, KMG-501 and KMG-502, as well
as their membrane-permeable derivatives, KMG-501AM and
KMG-502AM, demonstrate high selectivity for Mg®" with a Ky
value of approximately 3 mM, which is suitable for detecting
intracellular Mg>" concentration. As an illustration, the fluo-
rescence intensity of KMG-501 was markedly augmented with
rising Mg”>* concentration (Fig. 10b). In cellular experiments,
KMG-501AM was successfully applied to Mg>" imaging of rat
hippocampal neurons (Fig. 10c), demonstrating the distri-
bution of KMG-501 within neuronal cells and its co-localiz-
ation with specific intracellular organelles (e.g., lysosomes and
mitochondria). Furthermore, the probe was capable of detect-
ing mitochondrial Mg®" release induced by FCCP. Moreover,
KMG-501 enabled the generation of multicolor imaging maps
with ATP and mitochondrial membrane potential (Fig. 10d).
The multicolor imaging technique allows researchers to gain a
more comprehensive understanding of the interactions
between intracellular Mg®*, ATP concentration, and the intra-
mitochondrial membrane potential, which is crucial for the
study of cellular energy metabolism and related disease
mechanisms. Similarly, the emergence of high-performance
two-photon fluorescent probes based on charged beta-dike-
tones binding sites overcomes the problems of low tissue pene-
tration, photobleaching and phototoxicity associated with
single photons. Kim et al. have pioneered the development of
a novel two-photon fluorescent probe based on benzo[#]chro-
mium derivatives, CMg1, and its derivative, CMg1-AM, for
in vivo imaging of free Mg>"."> The probe is capable of being
excited by photons with a wavelength of 880 nm and emits
strong two-photon excited fluorescence in response to Mg>".
CMg1 has a water solubility of 3.0 x 107® M, which is suitable
for cellular staining. It is pH insensitive in the biologically rele-
vant pH range. In cellular experiments, the CMg1-AM probe
was successfully employed to image Mg>* in living cells
(Hep3B cells) and living tissues (mouse hippocampal slices).
The probe demonstrated the capacity to detect the mitochon-
drial-to-cytoplasmic Mg?* mobilization induced by FCCP.
Moreover, the CMg1 probe exhibited a two-photon excited fluo-
rescence response in living cells that was 20 times stronger
than that of existing commercial Mg>" probes, including Mag-
fura-2 and MgG. Additionally, it demonstrated minimal inter-
ference from Ca®" ions and membrane-bound probes. This
feature highlights the suitability of the probe for in vivo detec-
tion of Mg*".

While the KMG series of probes has been successful in
reporting Mg>" dynamics in living cells, the fluorescein-based

This journal is © The Royal Society of Chemistry 2025
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111, Copyright 2020, American Chemical Society.

probe KMG 104 exhibits relatively moderate turn-on ratios and
low fluorescence quantum yields (@ = 0.02) upon complexation
with Mg?*, which requires substantial probe loading and pro-
duces a weak signal that may be interfered with by cellular
autofluorescence. The rhodamine-based analog KMG 301
demonstrated an enhanced fluorescence quantum yield (& =
0.15) upon Mg”* binding. However, the positively charged rho-
damine accumulates in mitochondria, thereby limiting the
probe’s utility to these organelles and precluding the detection
of Mg** in other cellular compartments, including the cyto-
plasm. To address this shortcoming, Lin et al. developed novel
red-emitting BODIPY-based fluorescent indicators, MagQ1 and
MagQ?2, for highly selective imaging of intracellular Mg**.**?
These probes introduced a 4-oxo-4H-quinoline-3-carboxylic
acid metal-binding moiety to BODIPY for highly selective
detection. MagQ1 and MagQ2 had absorption and emission
peaks above 600 nm, and fluorescence intensity was enhanced
29-fold upon binding to Mg”>*, with quantum yields greater
than 0.3. MagQ2 was improved intracellularly by the introduc-
tion of a triethylene glycol (TEG) moiety retention, reducing
the active efflux of Mg>* and improving the applicability of live
cell imaging. MagQ2 can specifically detect Mg>" at high Ca**

This journal is © The Royal Society of Chemistry 2025

concentrations, which is important for studying the role of
Mg>" in signal transduction.

3.2.3 Fluorescent probes for Mg>* based on crown ether
binding sites. Crown ethers, a class of macrocyclic compounds
with defined cavity sizes and shapes, are capable of forming
selective, stable complexes with metal ions. The most common
crown ethers contain multiple ethylidene oxide units arranged
in a ring-like configuration, which enables them to bind to
alkali metal ions. Crown ethers have been employed exten-
sively in the development of fluorescent probe systems due to
their robust affinity for a diverse array of metal ions and
chemical species."'*'" Despite the remarkable performance
of crown ethers in metal ions recognition, achieving an
optimal balance between selectivity and fluorescence response
in complex biological systems with a single crown ether struc-
ture remains a significant challenge. Consequently, research-
ers have directed their attention to 8-hydroxyquinoline (8-HQ),
recognizing its exceptional chelating properties. As the second
largest Mg>* chelator after ethylenediaminetetraacetic acid
(EDTA), 8-HQ has a low quantum yield in aqueous or organic
solvents, but its binding to cations significantly enhances the
fluorescence intensity."'® Modification of 8-HQ by introducing
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substituent groups not only optimizes its photophysical pro-
perties but also further enhances its selectivity for Mg>*.

To integrate crown ethers with high affinity and 8-HQ with
chelating properties, the research team designed and syn-
thesized diaza-18-crown-6-ether-hydroxyquinoline (DCHQ)
family fluorescent probes. The DCHQ family includes deriva-
tives such as DCHQ1, DCHQ2, DCHQ3, DCHQ4, DCHQ5, and
DCHQ6 (Table 1), which enhance affinity, cellular uptake,
membrane staining, and fluorescence response to Mg>" by
introducing different groups (e.g., hydrogen atoms, chlorine
atoms, acetoxymethyl ester groups, long alkyl chains, and aro-
matic groups) into the side arm of 8-hydroxyquinoline."*” """
These enhancements render DCHQ probes more efficacious
and selective in biomedical research, particularly in the case of
DCHQ5, which exhibits distinctive fluorescence characteristics
and an exceptional capacity for intracellular retention, thereby
conferring upon it a formidable capability for investigating
Mg>" distribution and homeostasis.

Two compounds belonging to the DCHQ family, DCHQ1
and DCHQ2, display a markedly elevated affinity for Mg>",
exceeding that of other commercially available Mg** probes.
These compounds do not cross-react with other divalent
cations, including Ca®’, even within the physiological pH
range. DCHQ1 is well tolerated by cells and can be used to
quantitatively assess total intracellular Mg>* content via a
simple spectrofluorimetric assay. The fluorescence signal of
DCHQ1 correlates with the cellular Mg®>" content and is
sufficiently sensitive to distinguish changes in Mg>* content in
trace samples. Despite its potential, the excitation of DCHQ1
in the UV region and incomplete intracellular retention limit
its effectiveness as a leading probe in the DCHQ family. In
comparison to DCHQ1, DCHQ5 exhibits enhanced fluo-
rescence intensity, stronger membrane staining, and superior
intracellular retention when binding to cations. Additionally,
DCHQ5 fluorescence is not significantly influenced by other
divalent cations or by physiological range pH alterations. The
detection limit of the probe is comparable to that of flame
atomic absorption spectroscopy (F-AAS), which is 0.2 mM, ren-
dering it suitable for analytical experiments. DCHQ5 is able to
accurately quantify the total amount of intracellular Mg”* even
in sample sizes much smaller than those required for F-AAS
(e.g., 50 000 cells), suggesting that DCHQ5 has the potential to
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be a powerful tool for revealing the regulatory mechanism of
Mg>" in cellular homeostasis.

3.2.4 Fluorescent probes for Mg”* based on Schiff base
ligands binding site. Schiff bases are a class of compounds
containing C=N double bonds, which are simple to synthesize
and easy to derivatize. Furthermore, they can be chelated with
metal ions to form “planar, rigid, and large conjugated
n-bonds” with fluorescence characteristics. In particular, when
Schiff base compounds are coordinated with metal ions, the
C=N double bonds exhibit different configurations, resulting
in changes in the spectra. This enables selective recognition of
specific ions or molecules. Consequently, the synthesis of
metal ion probes by incorporating fluorescent groups into
Schiff base compounds has garnered significant interest from
the scientific community.'*

For example, Orrego-Hernandez et al. developed a novel
Mg>" fluorescence “turn-on” probe, PyHC, which is based on a
pyridyl-hydrazino-coumarin structure.'* The PyHC probe exhi-
bits significant fluorescence enhancement of Mg>" in ethanol-
water solution, with a low detection limit of 105 nM. This fluo-
rescence enhancement is attributed to the coordination with
Mg>*, which increases structural rigidity and suppresses non-
radiative decay processes. It was demonstrated that PyHC dis-
plays a high affinity for Mg®* with a binding constant of 5.57 x
10* L mol ™" and exhibits minimal interference from Ca®".

While progress has been made with single detection probes
for Mg?", multifunctional probes are of interest due to their
ability to detect multiple analytes simultaneously. This direc-
tion is exemplified by the chalcone backbone probes L, and L;
reported by Yadav et al.'>* The L, probe is responsive to both
Mg>" and Mn**, whereas L, selectively binds Cu®>" and Mg*".
The detection limits of both for Mg>* reached 2.56 x 107° M
and 1.28 x 10~°® M, respectively, while (3-(4,5-dimethyl-2-thiazo-
Iyl)-2,5-diphenyl-2H-tetrazolium bromide) (MTT) experiments
showed that these probes and their Mg®* complexes showed
low cytotoxicity against the HeLa cancer cell line and showed
good biocompatibility. Although both showed the ability to
detect a wide range of analytes, they were mainly used for
Mg>" detection.

Singh et al. developed a fluorescent probe, HL ((E)-8-((benzo
[d]thiazol-2-ylimino)methyl)-7-hydroxy-4-methyl-2H-chromen-
2-one), for the simultaneous detection of Mg** and Zn**."*> HL

Table 1 Basic photophysical properties of the fluorescent Mg?* probes based on crown ether binding site

log K,
Compound  Amax (Aabs)/MM  Apax (dem)/nm  e/lem™ M1 @ Mg>* Zn>* cd** Imaging targets Ref.
DCHQ1 244 (244) 505 (505) 6.5 x 10* 2.3x107% 5.02+0.08% 5.85+0.06° 9.39+0.05° HC11 cells, HL60cells 117
DCHQ2 245 (245) 510 (510) — — — — — HC11 cells 117
DCHQ3 246 (246) 510 (513) 129x10°  7.7x107° 10.1+0.0° 6.12+0.07° 9.53+0.05° HL60cells 118
DCHQ4 247 (247) 463 (513) 1.32x10°  67x107° 11.2+0.40° 6.50%0.20° 9.30 +0.06° HL61cells 119
DCHQ5 249 (249) 512 (517) 6.6x10°  2.4x107% 5.08+0.06° 6.60+0.20° 9.40+0.20° HL62cells 120
DCHQ6 245 (245) 504 (514) 92x10°  9.8x10™® 4.80+0.40° 5.80+0.09° 8.91+0.06° HL63cells 121

“Value obtained for 1:1 metal-to-ligand stoichiometry. ®Value obtained for a 1:2 metal-to-ligand stoichiometry. If not otherwise stated, K,
values were measured in aqueous buffers; for details, please see the cited references.
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has a large Stokes shift, allowing it to discriminate between
the two ions at 483 nm and 560 nm. It achieves high sensitivity
detection by inhibiting C=N bond rotation and photoinduced
electron transfer (PET) and excited state intramolecular proton
transfer (ESIPT) while promoting chelation enhanced fluo-
rescence (CHEF). HL has a fast and reversible fluorescence
response to Mg>" and Zn** with a low detection limit and high
binding constants. In human breast cancer cells, HL can also
successfully distinguish between Mg”" and Zn*". The study
also explored the potential application of HL in practical
sample detection and low-cost methods. Density Functional
Theory (DFT) calculations simulated the binding modes of HL
to Mg®" and Zn**, further confirming the high selectivity and
sensitivity of the probe.

3.2.5 Fluorescent probes for Mg>* based on 2,8-dicarboxy-
quinoline binding site. While the p-diketone and KMG series
probes, characterized by their bidentate chelating sites, are
known for their selectivity towards Mg”*, they show minimal
binding to Ca”, as reflected in their millimolar dissociation
constants. However, it is difficult for the bidentate ligands to
distinguish between free Mg®* and Mg-ATP complex, which is
the most abundant form of Mg”" in the cell."*® Consequently,
Matsui et al. devised a three-dentate Mg”* chelator, 2,8-dicar-
boxyquinoline (DCQ), by modifying the dimensions of the
rigid cavity within the chelator section.””” Based on this Mg>*
chelator, they constructed fluorescent probes, MGQ1 and
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MGQ2, for the visualization of intracellular Mg>" dynamics
while circumventing the interference of Ca** fluctuations.
MGQ-1 operates via a PET mechanism with an appropriate
affinity for Mg®" (K4 = 0.14 mM). However, its fluorescence
intensity is affected by pH changes. MGQ-2 reduces pH sensi-
tivity by introducing a chlorine atom at position 6 of the DCQ,
resulting in a higher affinity for Mg>* (K4 = 0.27 mM). MGQ-2
demonstrated a significantly lower affinity for Ca®>" (Kyq =
1.5 mM) and a notable degree of photostability and nuclear
localization in living cells. Furthermore, the fluorescence
intensity remained unaltered during Ca®" influx, indicating its
specificity for Mg**. These probes offer novel tools for investi-
gating the function of Mg®" in cells, particularly in organelles
with elevated Ca®*' concentrations, and facilitate the elucida-
tion of the hitherto unknown role of Mg*" in cellular physio-
logical processes.

Subsequently, in 2023, the team combined MGQ-2 and a
HaloTag ligand to develop the fluorescent probe MGQ-2H for
specific and long-term subcellular localization.'*® The probe is
stable in a neutral pH range and exhibits minimal sensitivity
to pH fluctuations. However, it displays a notable decline in
fluorescence intensity under acidic conditions. In HEK293
cells, MGQ-2H was successfully localized to the nucleus, cyto-
plasm, and inner leaflet of the cell membrane. MGQ-2H
demonstrated high selectivity for Mg>" with an apparent K4 of
0.23 mM, compared to a K4 of 1.1 mM for Ca*>*. By employing
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Fig. 11 MagZetl fluorescent probe for Mg2* detection and its application in cellular models of APAP-induced liver injury. (a) Response mechanism
of fluorescent probe MagZetl to Mg?*. (b) Fluorescence emission spectra of MagZetl (10 pM) with increasing Mg®* concentration (50 mM PIPES,
100 mM KCl, pH 7.0). (c) Flow cytometry histograms showing the MagZetl fluorescence ratios of THLE-2 cells treated with DMSO vector (yellow) or
10 mM acetaminophen (APAP) for 1 h (blue), 3 h (red), or 6 h (green). Dashed lines represent median fluorescence ratios. p-Values were calculated
based on the chi-square values of the corresponding populations compared with DMSO-treated controls. (d) Fluorescence images of Hela cells
stained with MagZet1-AM (5 uM) before and after treatment with the ion carrier 4-Br-A-23187 and EDTA. Zoom bar = 25 pm. Reproduced with per-
mission from ref. 132, Copyright 2023, American Chemical Society.
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ratiometric fluorescence microscopy techniques with the
internal standard HTL-Sara650T, MGQ-2H was able to success-
fully visualize the alterations in Mg>" concentration within the
nucleus during mitosis. The findings revealed that the Mg>*
concentration reached its peak at the mid-stage of mitosis and
subsequently recovered to its initial level before the onset of
cytoplasmic division. MGQ-2H displays good intracellular
stability and is suitable for observing Mg>" dynamics over
extended periods. However, it should be noted that the probe
exhibits fluorescence bursting property under acidic con-
ditions and displays a relatively high affinity for Fe** and Zn>".
Notwithstanding these constraints, MGQ-2H offers a novel
avenue for investigating intracellular Mg>* dynamics, particu-
larly in the context of concurrent Ca®" fluctuations.

It is noteworthy that analogous targeted strategies have
been employed in the subcellular detection of other metal
ions."®® For instance, the trivalent metal ion sensor developed
by Koner et al. facilitates specific bioimaging and quantitative
detection of aluminium ions (AI**) in lysosomes, providing a
novel instrument for the study of the subcellular distribution
of metal ions."*° Subsequently, in 2024, the team published a

Table 2 Basic characteristics of Mg+ fluorescent probes
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comprehensive review of the field of lysosomal metal ion
detection, systematically summarising the design strategies for
fluorescent probes targeting iron, copper, zinec, potassium,
calcium, and other ions."" These probes achieve lysosomal
localization through the modification of lipophilic amine
groups or specific membrane protein ligands, thereby provid-
ing critical technical support for exploring the role of metal
ions in cellular metabolism and pathological processes.

Flow cytometry is a powerful technique that offers signifi-
cant advantages, including high-throughput analysis, the
ability to measure multiple parameters, and the capacity to
assess single cells. Consequently, Brady et al. developed
MagZet1, a scaled fluorescent probe based on 2,8-dicarboxy-
quinoline (Fig. 11a)."** Flow cytometry analysis was performed
to reveal the decrease in cytoplasmic Mg>" levels in a cellular
model of acetaminophen (APAP)-induced liver injury. The fluo-
rescent properties of MagZet1l undergo a significant alteration
upon binding of Mg>*, with the absorption peak shifting from
490 nm to 395 nm, and the fluorescence emission peak shift-
ing from 500 nm to 530 nm (Fig. 11b). Furthermore, the fluo-
rescence ratio of MagZetl remains largely unaffected by pH

Probes Aex/NM Aem/IM Kyg/mM Cell Localization Ref.
APTRA-based probes
Mag-S 392 547 3.2 HelLa cells Cytoplasm, some organelles 98
Mag-Se 410 562 3.3 — — 98
MagB1 496 508 4.3 — — 100
MagB2 575 601 2.13 HeLa cells Cytoplasm 100
AMg1 365 498 1.4 Hep3B cells — 101
FMg1 360 540 1.5 HepG2 cells — 102
FMg2 368 555 1.7 HepGz2 cells — 102
Mag-mito 356 495 6.7 HelLa cells Mitochondria 104
Mag-S-Tz 404 595 3.1 HEK 293T cells Cytoplasm, nuclei, Golgi 105
MGH 515 538 1.3 HEK 293T cells Nuclei, innercell membrane, Cyto plasm, 106
ER, Mito chondria
Charged fp-diketone-based probes
KMG-20 445 495 10 PC12 cells Cytoplasm 107
KMG-27 445 494 9.8 PC12 cells Cytoplasm 107
KMG-101 493 516 100 PC12 cells — 108
KMG-103 517 533 1.8 PC12 cells — 108
KMG-104 504 523 2.1 PC12 cells Cytoplasm 108
KMG-104-AsH 490 540 1.7 HelLa cells — 109
KMG-301 540 600 4.5 PC12 cells Mitochondria 110
KMG-501 663 684 3.2 PC12 cells Cytoplasm, mitochondria, lysosome 111
KMG-502 670 690 2.6 PC12 cells — 111
CMg1 443 559 1.3 Hep3B cells — 112
MagQ1 600 635 1.5 HelLa cells Cytoplasm, nuclei 113
MagQ2 600 634 1.51 HelLa cells 114
Schiff-based probes
PyHC 340 449 5.57 — — 123
La 382 526 1.2 HelLa cells — 124
HL 451 483 — MDA-MB cells Cytoplasm 125
2,8-Dicarboxyquinoline-based probes
MGQ1 515 536 0.14 — — 126
MGQ2 516 536 0.26 HEK293 cells Cytoplasm, nuclei 127
MGQ-2H 524 545 0.23 HEK293 cells Cytoplasm, nuclei 128
MagZet1 395 530 0.14 THLE-2 cells Cytoplasm 132

For details, please see the cited references.
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fluctuations within the physiological range, which is a crucial
attribute in bioimaging applications. MagZet1 also exhibits a
reduced proclivity to form ternary complexes, thereby reducing
the likelihood of interference in the detection of Mg>" in bio-
logical samples. For the purpose of live cell imaging, MagZet1
is capable of detecting Mg”* by means of fluorescence
microscopy and flow cytometry. In HeLa cells, MagZet1-AM, in
which the probe was converted to the acetoxymethyl ester
form, exhibited uniform cytoplasmic staining, indicating that
it was effectively distributed within the cell (Fig. 11d).
Researchers employed flow cytometry to examine changes in
Mg>" levels in APAP-treated hepatocytes. They found that in a
cellular model of APAP-induced liver injury, the reduction in
intracellular free Mg>" levels was linked to altered expression
of the metal transporter protein CNNM4 (Fig. 11c).

The development of MagZetl provides a novel tool for
investigating the function of Mg>" in cells, particularly in con-
texts where Ca®" levels may be altered. The selectivity of this
probe is of paramount importance for studying systems that
may be affected by Ca®" levels, as it can reveal the intricate
interactions between these two ions. The introduction of
MagZet1 is anticipated to provide novel insights into the study
of Mg?" in other systems.

In summary, the various Mg”* fluorescent probes developed
in recent years have different focuses in terms of selectivity,
sensitivity, and application scenarios. The purpose of this
work is to systematically compare the key performance para-
meters of the relevant probe types. A series of fluorescent
probes have been developed and their characteristics (e.g. Kg,
excitation/emission wavelengths, and applicable scenarios) are
shown in Table 2. This review provides a reference for
researchers to select suitable probe tools according to their
experimental needs.

4. Conclusions

In recent years, significant advancements have been made in
elucidating the mechanistic roles of Mg>* in human homeosta-
sis. However, compared to other biologically relevant metal
ions, our understanding of Mg>" remains incomplete. This
review systematically delineates the intricate relationship
between Mg”" and biological systems, emphasizing its funda-
mental physiological roles as a structural stabilizer and enzy-
matic cofactor. Dysregulation of Mg>" homeostasis has been
linked to multiple pathological conditions, including hyper-
tension, metabolic disorders, and neurodegeneration, under-
scoring the necessity for precise analytical methodologies. The
review further evaluates established techniques for Mg”* detec-
tion, which have deepened insights into its physiological and
pathological mechanisms. Current detection strategies exhibit
critical trade-offs among sensitivity, selectivity, and practical
utility. Non-fluorescent approaches such as AAS and electro-
chemical sensors demonstrate high accuracy but lack the
spatial resolution required for dynamic cellular tracking.
While fluorescent probes enable real-time imaging with tem-

This journal is © The Royal Society of Chemistry 2025
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poral resolution, their performance is compromised by inter-
ference (e.g., Ca®" cross-reactivity) and limited tissue pene-
tration depth. Future research must prioritize the development
of probes with enhanced selectivity in complex biological
matrices, improved real-time monitoring capabilities, and
clinically translatable platforms for personalized therapeutics.
Addressing these challenges will bridge the gap between
mechanistic insights and therapeutic applications, ultimately
advancing diagnostic precision and tailored treatment strat-
egies for Mg>"-associated disorders.

Abbreviations

AAS Atomic absorption spectrometry

ACoA Acetyl Coenzyme A

AM Acetoxymethyl ester

APTRA o-Aminophenol-N,N,O-triacetic acid
ASEM Analytical scanning electron microscopy
ATP Adenosine triphosphate

BBB Blood-brain barrier

BODIPY Boron-dipyrromethene

ca** Calcium ions

CAR-T Chimeric antigen receptor T-cell

CNS Central nervous system

DBP Vitamin D-binding protein

DCQ 2,8-Dicarboxyquinoline

DCHQ Diaza-18-crown-6-ether-hydroxyquinoline
DFT Density functional theory

eNOS Endothelial nitric oxide synthase

EDS Energy dispersive X-ray spectroscopy
EDTA Ethylenediaminetetraacetic acid

EGF Epidermal growth factor

EMIM-Ac 1-Ethyl-3-methylimidazolium acetate

ESIPT Excited-state intramolecular proton transfer

F-AAS Flame atomic absorption spectroscopy

FCCP Carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone

GABA Gamma-aminobutyric acid

G6PD Glucose-6-phosphate dehydrogenase

IL-4 Interleukin-4

ISEs Ion-selective electrodes

K’ Potassium ions

LFA-1 Lymphocyte function-associated antigen-1

Mg** Magnesium ions

MTT 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2 H-tetra-
zolium bromide

Na' Sodium ions

NCX Sodium-calcium exchanger
NMDA N-Methyl-p-aspartate

NMR Nuclear magnetic resonance
NO Nitric oxide

OGDH a-Ketoglutarate dehydrogenase complex
OXPHOS Oxidative phosphorylation

PDB Protein data bank

PDH Pyruvate dehydrogenase
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PET Photoinduced electron transfer

PIXE Particle-induced X-ray emission

PTH Parathyroid hormone

PVC Polyvinyl chloride

ROS Reactive oxygen species

rRNA Ribosomal RNA

SERCA Sarcoplasmic/endoplasmic  reticulum  calcium
ATPase

SLC41A3  Solute carrier family 41 member A3

SXRF Synchrotron X-ray fluorescence

TCtag Tetracysteine tag

TLR Toll-like receptor

TMRE Tetramethylrhodamine ethyl ester

TPEF Two-photon excitation fluorescence

TRPM7  Transient receptor potential melastatin 7

tRNA Transfer RNA

VDR Vitamin D receptor

XRF X-ray fluorescence

XMEN X-linked immunodeficiency with magnesium

deficiency, EBV infection, and neoplasia
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