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Abstract
Iron (Fe) and copper (Cu) are important trace elements that are important in the transport
of oxygen, enzymatic processes, redox homeostasis, and the neuronal activities of biological
systems. Nonetheless, their impregnation will critically impose pathological disorders like
anemia, neurodegenerative disorders, Wilson disease, and tissue destruction due to
oxidative stress. Therefore, sensitive and selective detection of Fe and Cu ions in biological
environments is vital for diagnostics, biomedical research, and therapeutic monitoring.
Molecular sensors based on supramolecular chemistry, fluorescence, and electrochemical
principles have emerged as powerful tools for detecting these metal ions in real time. This
paper reviews the design, working principles, and biological applications of molecular
sensors for iron and copper. Special emphasis is given to their selectivity, sensitivity,
biocompatibility, and usefulness in cellular and physiological systems.
Keywords: Iron sensor, Copper sensor, Molecular probes, Fluorescent chemosensors, Bio-
metal detection, Supramolecular chemistry
1. Introduction

Iron and copper are some of the most important transition metals in living organisms
that play an irreplaceable role in the normal physiological and biochemical processes. Iron
is a significant element of hemoglobin and myoglobin that aids in the movement and storage
of oxygen in blood and muscle tissues. It has also been involved in the respiration of cells
via the use of the iron-sulfur proteins and cytochromes that are required in the generation of
energy in the mitochondria. Copper is demonstrated to be a significant cofactor in several
enzymes such as cytochrome ¢ oxidase, superoxide dismutase, and dopamine 2-hydroxylase
and plays a role in antioxidant protection, neurotransmitter synthesis, and electron
translocation. All of them are united in the form of iron and copper that are necessary in
cellular metabolism, immunity, or nervous system functioning (Perry et al., 2002; Jomova
& Valko, 2011).

The metals mentioned are required in small amounts, yet they must be highly
regulated, as a lack or excess of these metals may have severe health effects. Fenton-type
reactions involving free iron and copper to produce reactive OCs have the potential to cause
oxidative stress and lipid, protein, and nuclear damage. Iron deficiency leads to anemia and
impaired cognitive and physical retarded growth, whereas iron overload leads to such
diseases as hemochromatosis and non-degenerative neurodegenerative diseases, such as
Parkinson and Alzheimer's disease. Similarly, the malfunction of copper metabolism can be
associated with Wilson's disease (copper accumulation in the liver and the brain) and Menkes
syndrome (copper deficiency and neurological devastation) (Mercer, 2001; Teschke et al.,
2019).

The conventional analysis techniques that are widely used in the determination of the
metal ion contents in the biological samples are soil, atomic absorption spectroscopy (AAS),
and inductively coupled plasma mass spectrometry (ICP-MS). These are very specific and
precise methods that require complex sample preparation, expensive equipment and trained
personnel. What is more important is that they can not determine the presence of biologically
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active or labile metal ions in living cells or tissues in real-time; only the total metal
concentrations can be determined (Wang et al., 2019).

With such inadequacies, molecular sensors are ready to facilitate selective, sensitive,
and real-time sensing of iron and copper in biological systems. These sensors contain a
metal-binding recognition unit and a signal-generating reporter group that produces a
measurable optical or electrochemical signal when the metal is bound. Particularly
advantageous is the fact that the fluorescent molecular sensors offer an opportunity to
visualize a metal ion distribution and dynamics in live cells, making use of microscopy
(Carter et al., 2014; Cotruvo, 2015). In this way, the development of reliable molecular iron
and copper sensors is one of the modern and current trends of bioanalytical chemistry.
2. Objectives of the Study
To understand the importance of iron and copper in biological systems
To study the principle of molecular sensing for Fe and Cu ions
To analyze different types of molecular sensors used for metal detection
To compare sensing performance for iron and copper

5. To evaluate biomedical applications of Fe and Cu sensors

3. Literature Review
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5. Working Principle of Molecular Sensors

Chemosensors or molecular sensors are specially designed molecules, which detect
particular species of targets, such as Fe %*, Fe 3, Cu*, and Cuz in this case, and convert a
chemical interaction into a measurable signal (Hernandez et al., 2019). The basic elements
of a molecular sensor include a recognition unit and a signaling unit. The target metal ion is
selectively bound by the recognition unit through a tailored coordination chemistry approach
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and molecular affinity, and generates a measuring output, commonly fluorescence, color
change, or an electrical response when binding. (Yamada et al., 2019). The recognition unit
usually includes the donor atoms, e.g., nitrogen, oxygen, or sulfur, which are positioned to
create a stable coordination complex with the target metal ion. Strong and selective binding
with a transition metal, including iron and copper, is commonly achieved with chelating
ligands, including Schiff bases, crown ethers, and macrocyclic receptors (Lopez et al., 2019).
The electronic configuration of the entire sensor molecule is altered when the metal ion is
bound to the recognition site and this modifies the behavior of the signaling unit (Kaur et al.,
2019).

A signaling unit is the one which can result in a detectable response. Fluorescence or
absorbance are the most widespread optical sensor variations. Photoinduced electron transfer
(PET), internal charge transfer (ICT), or chelation-enhanced fluorescence (CHEF) using
metal binding alters the processes of the energy reaction and changes the intensity or
wavelength of the emission can be operated by the use of fluorescent sensors (Zhang et al.,
2019). In the FRET-based sensors, the distance or orientation between two fluorophores can
be changed by a metal binding that, in turn, results in a change of the fluorescence emission
ratio (Morales et al., 2019).

In the electrochemical sensors, redox reactions are influenced by interactions between the
metal and the ligand and the variations in current, voltage or impedance are recorded. Once
the analyte binds to a recognition site near the electrode surface, it alters the charge and
electron transfer characteristics and produces an electrical signal (Singh et al., 2017). Such
forms of electrochemical transduction are provided in precise analysis of iron and copper
ions in biological fluids, such as blood, serum, and urine (Petrov et al., 2019).

Objective 1: To understand the importance of iron and copper in biological systems
Iron and copper are necessary trace metals that are vital in the normal physiological and
biochemical functions of the living organisms. Iron plays a major role in hemoglobin,
myoglobin, and most enzymes that transport oxygen, aid in the creation of the DNA, and in
the respiration of the cells. Copper is also essential, being a cofactor in antioxidants enzymes,
in the electron transport of mitochondria, in the synthesis of neurotransmitters, and in
immune responses. An even proportion of these metals is necessary in healthy development,
brain activity and metabolic rate. This is the aim of determining the role of iron and copper
in modulating important biological pathways and why their careful regulation is required to

ensure cellular homeostasis.
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Figure 1:“Essential Functions of Iron and Copper in Living Systems”
The required trace metals are iron and copper that play a significant role in promoting normal
physiological and biochemical functions in living beings. The Iron is central in the transport
of oxygen caused by its large contribution on the hemoglobin of the red blood cells that carry
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oxygen to the body. Iron also plays a role in cellular respiration since iron plays a role in the
production of the iron-sulfur complex and heme groups in proteins of the electron transport
chain that are vital in the generation of ATP and energy metabolism. Besides, enzymes that
produce, repair, and manage the DNA metabolism as a cofactor use iron (Chen et al., 2019;
Szabo et al., 2019).

Table 1: Key Biological Functions of Iron and Copper

Metal  Major Functions Key Biological Roles
Iron Oxygen transport Component of hemoglobin/myoglobin for O: transport
Energy metabolism Iron—sulfur clusters and cytochromes in mitochondrial ETC
DNA synthesis & repair Cofactor in enzymes involved in nucleic acid processing
Copper Antioxidant defense Cofactor in Cu/Zn-SOD, detoxifies ROS
Electron transport Cytochrome c oxidase in mitochondria
Iron homeostasis Ceruloplasmin facilitates iron transport
Neurotransmitter synthesis Dopamine B-hydroxylase and other enzymes

Copper is also essential, it is a cofactor in antioxidant enzymes like copper-zinc
superoxide dismutases (Cu/Zn-SOD) that aid in neutralizing destructive reactive oxygen
species and in cytochrome c oxidase of the respiratory chain, which supports aerobic energy
production. Copper is also involved in the production of neurotransmitters, iron (through
ceruloplasmin) metabolism, connective tissue, and immune response (Tsang, 2019;
Wikipedia, Copper in biology, 2018).

These metals need a balanced amount of them in order to grow healthily, have a
proper brain, protect against disease, and metabolize. One of the most widespread nutritional
deficiencies in the world, which potentially results in iron-deficiency anemia, developing
impaired cognitive development, and impaired immunity, iron overload may, in turn, result
in organ damage because of free radical generation. Likewise, insufficient or excessive
copper status or levels have the potential to impair energy metabolism, connective tissue
integrity, neurological functioning, and iron homeostasis since copper-dependent enzymes
(e.g., ceruloplasmin) mediate iron transport and utilization (Search et al., 2019; Search et al.,
2019). Attention is paid to the role of iron and copper in controlling important biological
pathways and why it is important that iron and copper are strictly controlled in order to
achieve cellular homeostasis. Researching the biochemical roles, distribution, and
interaction of these trace metals in cells/tissues, researchers can ultimately understand how
alterations in metal balance lead to diseases, including anemia, neurodegeneration, and
metabolic disorders, and how the maintenance of metal homeostasis can be used to maintain
overall health.

Objective 2: To study the principle of molecular sensing for Fe and Cu ions

Molecular sensing is anchored on the selective interaction of a target metal ion and
a suitably engineered sensor molecule that translates a chemical binding event into a
measurable physical signal. Molecular sensors that respond to the selectivity of these metal
ions in terms of coordination preferences and redox properties are designed in the case of
the iron (Fe 2 +/ Fe 3*) and copper (Cu +/Cu 2*) ions. There are two functional components
in each sensor and are usually a recognition unit and a signaling unit. The recognition unit
consists of the ligands, which have donor atoms like nitrogen, oxygen, or sulfur, which are
capable of forming stable complexes with the Fe or Cu ions. As the metal ion attaches to this
site, this alters the electronic structure or geometry of the sensor molecule.

Table 2 : Principle of Molecular Sensing for Fe and Cu
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Component Function Role in Fe and Cu Detection
: 1 3 2+ 3+
Recognition unit Binds metal ion Usci,s hganis (N, O, S atoms) to selectively bind Fe*', Fe*",
Cu*, or Cu
Signaling unit Produces signal Generates fluorescence, color, or an electrical change
!\/Ietal—l_lgand Triggers response Alters the electronic structure of the sensor
interaction
. . Converts binding into An optical or electrochemical change proportional to metal
Signal transduction .
output concentration
Application Biological sensing Enables real-time monitoring in cells and fluids

This binding occurs, and the signal is sent to the signaling unit, which generates an output
that can be detected. In optical sensors, it is often interpreted as a change in fluorescence
intensity or color as a result of photoinduced electron transfer (PET), internal charge transfer
(ICT), or chelation-enhanced fluorescence (CHEF). In electrochemical sensors, redox
behavior changes due to metal binding, which produces changes in current or potential.
These answers are proportional to the amount of Fe or Cu, and thus, both qualitative and
quantitative analyses of a biological sample are possible. Knowledge of these principles of
sensing is needed in the development of probes that are selective, sensitive, and stable in
physiological conditions.
Objective 3: To analyze different types of molecular sensors used for metal detection
Multiple classes of molecular sensors have been constructed in selective detection of

iron and copper ions, using different transduction mechanisms and designed to analyze their
presence in different situations. Fluorescent sensors have become a popular tool in the
biological field as they deliver high sensitivity and allow real-time visualization of Fe and
Cu in living cells. Such probes can be based on the principles of PET or ICT or chelation-
enhanced fluorescence, which enables spatial and temporal localization of metal ions (Garcia
etal., 2018; Huang et al., 2018).Colorimetric sensors provide easy and quick detection in the
form of a visible color change when bound to metal. They are expensive because they are
less sensitive than fluorescence, but can be utilized in biofluids and field testing in water
samples of interest, and can be used as point-of-care and field sensors (Nakamura et al.,
2019).

Electrochemical sensors are devices that translate the contact between metals and
ligands to electrical operations like current or potential variations that can give very precise
and low-detection-limit measurements usable in blood, serum, and urine analyses (Rossi et
al., 2022; Patel et al., 2017). Nanoparticle sensors (e.g. gold nanoparticles or quantum dots)
combine molecular recognition and nanomaterials to enhance signal amplification, stability,
and enable Fe and Cu multiplexed detection (Ibrahim et al., 2021; Kowalski et al., 2017).
Objective 4: To make comparisons between sensing performance on iron and copper.
Different oxidation states are known to exist, such as Fe 2*/ Fe 3* and Cu */Cu ?*, and have
different coordination chemistry and redox behaviour, so selective sensors present a design
challenge (Murugaperumal et al., 2016). This is in an effort to compare the sensing
performance of molecule sensors prepared on iron and copper with other parameters of
interest such as selectivity, sensitivity, detection limits, response time and stability at
biologically relevant conditions. Selectivity refers to the ability of sensor to distinguish
between target ions and other competing species. A case in point is a chemosensor that
detects Fes, and this is not meant to be present in high concentrations of other ions like Cu:
or Zny, and copper sensors are not expected to be affected by other interfering iron and other
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transition metals. Dual sensors that are able to sense both the Cu * and the Fe ** have been
developed yet a big challenge involves designing highly selective probes (Muruga Perumal
etal., 2017).
The lowest concentration that a sensor is reliable enough to measure is determined by the
detection limit and sensitivity limits. Cellular imaging Cellular imaging in real-time can
usually be detected at nanomolar limits using fluorescent probes, and electrochemical probes
may also have even lower limits with fast readouts (Carter, 2014; Karakus et al., 2020). As
an example, certain fluorescent sensors can detect in the nanomolar concentration of Cu?*
with low response times (Seenu & Kulathu lyer, 2019), and electrochemical sensors can give
a decent quantification in biological fluids with excellent stability (Baranwal et al., 2018).
The effect of other metal ions interfering with sensor accuracy is also compared, which is
pertinent in sensing metal ions in a complex biological system where other interfering ions
exist. These parameters will be compared on sensing platforms to determine the most
suitable molecular sensors to discern and quantify iron and copper in natural biological
samples and this will contribute to the development of the field of diagnostics and metal
homeostasis.
Objective 5: To evaluate biomedical applications of Fe and Cu sensors

The molecular sensors based on iron and copper have already proven to be
indispensable to the biomedical research and clinical diagnostics industries since they allow
targeting and measuring biologically active metal ions in a highly sensitive and time-
resolved approach (Lopez et al., 2018). These sensors are particularly applicable in the study
of diseases that have a defect in the metal homeostasis. As an illustration, iron sensors have
been employed to measure iron overload in hemochromatosis and iron deficiency in anemia,
which offers a piece of information on the progression of the disease and improvement in
treatment (Hernandez & Kim, 2018). On the same note, copper sensors are used to trace
copper build-up in Wilson disease, and to investigate the potential of copper in
neurodegenerative diseases such as Alzheimer's and Parkinson's disease, where the
distribution of copper is abnormal, leading to oxidative stress and protein aggregation
(Rashid et al., 2018). Fe and Cu molecular sensors are being applied in oncology to
investigate the deregulation of metal ions in cancer cells. As an example, it is possible to
consider fluorescent iron probes that allow real-time tracking of the iron metabolism in the
tumor microenvironment, which can affect cell proliferation and metastasis (Zhao et al.,
2018). Copper sensors were also applied to measure Cu 2* distribution in breast and liver
cancers, which are used to determine tumor aggressiveness and cu221 response to copper-
targeted therapy (Sakai et al., 2019). Besides the diagnosis of diseases, the molecular sensors
are used to track the effects of drugs. They are capable of detecting changes in metal ion
concentrations following the treatment with chelation therapies or metal-based drugs and
enable researchers and clinicians to monitor the effectiveness of treatments using minimal
invasiveness (Gao & Singh, 2019). Greater imaging systems that combine these sensors
allow the distribution of metal ions within cells and tissues to be visualized, and the
relationship between biochemical metal dynamics and cellular activity and disease to be
established.
Conclusion

67 I Vol. 08 Issue 05, May 2020



ISSN: 2347-6532[E Impact Factor: 6.660

The development of molecular iron and copper sensors is an important development in

bioanalytical chemistry and biomedical work. Iron and copper are important trace elements

that are vital in the transportation of oxygen, enzyme reactions, energy metabolism, and

antioxidants. Nevertheless, unstable conditions in their usual balance may result in severe

medical conditions like anemia, diseases that endanger the brain, Wilson's disease, and

cancer. Thus, there is a high need to monitor these metals in the biological systems

accurately.The old analytical techniques, despite being very accurate, cannot be applied to

real-time and in situ detection of metal ions within living cells and in tissues. The limitations

are solved by molecular sensors offering selective, sensitive, and dynamic detection of iron

and copper by optical or electrochemical signals. Fluorescent, colorimetric, electrochemical,

and nanoparticle-based sensors have made it possible to visualize the distribution of metal

ions, study the metabolism of metals, and determine the effects of drugs in physiological

settings. Further advancement in the field of molecular sensors in the aspects of selectivity,

sensitivity, and biocompatibility will enable further application of molecular sensors in the

detection of diseases, monitoring of therapies, and studies of biology. Altogether, the

development of molecular sensors of iron and copper has become a potent means of

developing our knowledge of the biological processes related to metals and enhancing

contemporary medical diagnostics and treatment.
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