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1. Introduction

In bacteria, iron is an essential nutrient because of its physiological roles and involvement in oxidative stress prevention. Many
environments have limited bioavailable iron, leading to a variety of response strategies aimed at maintaining iron homeostasis.
In particular, microorganisms have specialized iron uptake systems and often coordinate the synthesis and uptake of iron with
other cellular functions such as motility and biofilm formation (Seyoum et al., 2021) [#61 (Bosma et al.2021) [l Siderophores are
low-molecular weight compounds produced and released into the extracellular medium by microorganisms. These chelators
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have high affinity and selectivity for Fe(l11) and are therefore
an essential part of an iron acquisition strategy (Khasheii et
al., 2021) 32, For this reason, the siderophore structure is
often tightly coordinated in its biochemical properties with
the regulatory, conformational, and extracellular export
systems that these organisms use to govern the traffic of these
compounds into the cell. Bacteria produce an impressive
range of siderophores, many of which exhibit complex
structures and have garnered attention from a
biotechnological perspective (Khasheii et al., 2021) [
(Timofeeva et al., 2022) 71, This review aims to provide an
overview of those siderophores that are most significant in
nature and describes relevant applications where available. In
this detailed review, we highlighted the most important
produced or discovered siderophores in bacteria; we have
discussed their structure and other functionalities when
available, and mechanisms of action (Khasheii et al., 2021)
[321 (Prabhakar, 2020) "%, The review is organized to start by
discussing the most used and best studied catechols followed
by hydroxamic acids, salicylic acids, siderophore hijackers,
and finally the other siderophores arranged in alphabetical
order (Al et al. 2020).

1.1. Overview of Siderophores

As essential elements of bacterial metabolism, iron cations
are required for the growth of bacteria. In many natural
ecosystems, free iron concentration is one-third less than the
concentration achieved for normal biological growth, thus
resulting in "iron starvation." Consequently, the absorption of
iron through bacterial cell membranes would be dramatically
hampered, leading to reduced concentrations of iron within
the cell cytoplasm (Dulay et al., 2020) Il (Vinuesa &
McConnell, 2021) (%1, In order to obtain the iron required for
surviving in low iron environments, bacteria have developed
a rapid and efficient technique known as the "siderophore-
dependent iron absorption system." (Pu et al., 2023) [l
(Carsten, 2023) []

Siderophores are a group of highly effective iron-chelating
compounds that are typically released into extracellular space
by bacteria, where they scavenge ferric iron and are
synthesized as a plastic backbone (which encompasses active
functional groups such as hydroxyl, a-hydroxycarboxylates,
catechol, and salicylate residues) (Drechsel and Winkelmann
2022) 61 (Khasheii et al., 2021) B2, It is these functional
groups that determine the affinity and selectivity to iron and
incorporate a coordination center for iron transport to the
bacterial cells. Through either a specified or nonspecified
energy-dependent mechanism, iron-loaded siderophores are
brought into the cell cytoplasm (Kirby et al. 2020) B
(Hofmann et al. 2021) 61, Siderophores are a chemically
diverse group of compounds and are typically classified into
four categories based on their structural features:
hydroxamates, carboxylates, catecholates, and nickel-
complexing group proteins (Timofeeva et al., 2022) 7
(Khasheii et al., 2021) 2, The maximum number of natural
siderophores and their related derivatives are ligands
produced by amino acids to synthesize a ring-based structure.
Because these compounds are of paramount and profound
significance, several valuable and efficient bacterial
siderophores have been commercialized or industrialized
(Danyal et al. 2023) [ (Kapoor et al. 2024) [?° The
biological environment is predominantly aqueous solutions
with a neutral to acidic pH, resulting in the loss of the
siderophoric ability due to the formation of insoluble
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hydroxides and microscopic ferric hydroxide colloid
dispersal. Furthermore, the fine solubility of the ferric-
siderophore will also be increased to allow intake into the
bacterial cells via alternative pathways (Rajapaksha et
al.2022) I3 (Lei et al. 2023) 1, Active structures have been
classified through a thermodynamic and kinetic system with
bacterial siderophores. Siderophore production in bacteria
leads to pleiotropic benefits, making wild-type strains
produce and suitable for their own colonization on long-term
biological substrates (Qin et al. 2020) "2, Because of this,
their competitive effect enhances the ecological and
evolutionary value of bacterial siderophores (Kramer et al.,
2020) 31 (Butaite et al.2021) I,

Siderophores are an extremely diverse group of compounds
that perform a function that is chemically and mechanistically
impressive (Singh et al. 2022) %, Until recently, there had
been nearly 120 entries available for siderophores alone, with
a large number of proteins that have the ability to utilize
siderophores for their iron-binding functions (Drechsel and
Winkelmann 2022) 61 (Klebba et al. 2021). These emphasize
the importance of siderophores and have revealed numerous
compounds or analogues that have potential applications.
Enhancing our understanding of the structural and functional
relationships of siderophores highlights numerous areas that
should be considered important for future research (Fan &
Fang, 2021) (91 (Soares, 2022) 2. This is particularly
relevant since to date, reviews in which various siderophore
chemical classes and their medical application potential have
been discussed in detail have only minimally mentioned the
structural and/or specific electronic properties that are
important for biological activity (Timofeeva et al., 2022) [*7]
(Khasheii et al., 2021) 2, Understanding iron competition
and structure-activity relationships is necessary to discover

potent synthetic or natural chelators (Kontoghiorghes, 2024)
[41],

1.2. Importance of Bacterial Siderophores

The presence of siderophores can bestow on their producing
bacteria an impressive selective advantage against rival
indigenous microbial populations and, hence, play a pivotal
role in biocontrol and biofertilization applications. In fact,
there is increasing potential for using the siderophores of non-
pathogenic strains in so-called "microbe-microbe" biocontrol
to replace or supplement chemical control agents (Lozano-
Gonzalez et al. 2023) B% (Swarnalatha et al. 2022) [,
Moreover, siderophores can be used in agriculture for the
formulation of iron chelate fertilizers and in industry for the
decontamination of metal-polluted environments (Sundaram
etal. 2021) %1, It is imperative to understand the environment
in which these compounds operate, their roles in microbial
life and competition, and inorganic chemistry, and
additionally to develop new methods of application in the
personal and commercial sectors (Schalk, 2024) 31, |t is
apparent that bacterial growth is significantly affected by the
lower availability of essential micronutrients. Among the
essential micronutrients, iron has been the most carefully
studied. Due to insolubility in its oxidized forms, the
concentration of labile iron in various environments is often
quite low, leading to iron shortage for microorganisms
(Piskin et al. 2022) [581 (Meyer et al.2024) 5%, When natural
habitats are microbially reduced or deoxygenated, the
precipitation of iron as insoluble iron oxyhydroxides occurs.
Thus, the strategies that these microorganisms have evolved
to obtain iron are universally important for both ecological
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niche colonization and clinical relevance (Zhou et al.2022)
[115] (Rose et al. 2024) 781, The concentration of iron that is
free to move or react in a neutral aqueous milieu is 10”10
M. Because of iron's low solubility and, often, unavailability,
bacteria have developed ways of scavenging iron from both
inorganic and organic iron sources (Rocky et al. 2023) /"]
(Kim & Kim, 2021) [, Catecholate- and hydroxamate-type
siderophores, which have suitably low formation constants
under biological conditions, are two kinds of the siderophores
used by bacteria to access iron under almost anoxic and

anoxic conditions (Timofeeva et al., 2022) 71 (Soares, 2022)
[92]

2. Biochemical Properties of Siderophores

Siderophores are widely conserved Fe3+-binding agents that
are specifically and efficiently synthesized by
microorganisms to scavenge ferrometabolites from their
natural environments. According to the chemical functional
groups coordinating with Fe3+, these molecules are classified
as hydroxamates, catecholate, phenolates, or mixed ligands,
including the tris catecholamine group (Klahn et al., 2022)
[38] (Schwabe, 2022) 84, The structure of these molecules is
important to achieve specific and strict Fe3+ recognition, as
only ferric iron is required for all forms of life, and free
(unferrated) siderophores are generally non-toxic (Kircheva
& Dudev, 2020) B8] (Wang et al. 2021) [®¢1, Because it cannot
be oxidized or reduced in solutions under standard redox
conditions, the ferric ion is stable. Fe3+ transfers exactly one
electron to the coordination sphere and remains unable to take
part in Fenton or Haber-Weiss reaction chemistry (Huang et
al. 2021) 71 (Wang et al. 2024) %I, This crypticity of the
ferric ion seems necessary to limit iron redox-cycling
toxicity, and it is a relatively solvated and kinetically labile
Fe3+ that siderophore molecules use as a complexing entity.
Irrespective  of their particular characteristics, all
siderophores inspire researchers because they are versatile
molecules (Pita-Grisanti et al. 2022) 1 (Manko, 2022) 2,
Many are stable at a broad range of pH, and some may exist
in the presence of atmospheric O2 or with very high free
metal status. Most of them express a containment ability to
intercept ferric iron and are impervious to traditional
chelator-mediated complex decomposition (Drechsel and
Winkelmann 2022) [l (Butler et al.2021) Bl The
microorganisms have evolved to produce siderophores with
bi- and multifunctional activities according to the diverse
niches they need to colonize. Some siderophores are more
suitable for a soluble extracellular environment, while others
are more advantageous in a regime with a tendency to
flocculate or form volcanogenic deposits because of their
lower solubility (Schalk, 2024) 1 (Kour et al. 2023) 421,

2.1. Chemical Structure

Siderophores, which were traditionally known as low-
molecular-weight iron-chelating compounds, have various
chemical structures depending on species, sequence type, and
environmental factors (Timofeeva et al., 2022) 71, These
molecular building blocks help siderophores protect iron
from redox cycling, prevent the formation of insoluble iron
hydroxides, and transport iron back to the closest cells
(Venkataramani, 2021) 1% (Kermeur et al., 2023) B4, The
structural information includes molecular weight, molecular
formula, and a schematic structure with surrounding
functional side chains (Yao et al., 2023) 'Y (Feng et al.
2021) 29, The functional groups on some specific positions
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of the main matrix can have a significant impact on structure—
function relationships, metal complex formation, or
allocation specificities and possibilities (Ertl et al., 2020) [8
(Qiu et al., 2023) ["d, The siderophores are grouped into
hydroxamates, catecholates, and mixons of different resulting
states that originate from combinations of functional groups
(Timofeeva et al., 2022) 71, Additionally, structural diversity
is shown at sites that do not directly alter the iron-chelating
functional groups on the moiety(s) (Jiang et al., 2020) 14
(Zhang et al. 2023) 1141,

The general impact of useful structural features, such as
unique siderophore structures with high iron affinities or
production-specific strains, is described (Timofeeva et al.,
2022) 71 (Schalk, 2024) 831, The impact of products designed
with a degree of structural tolerance is also described in some
instances. In addition, there are probably a great number of
siderophore derivatives with distinctive structure—function
attributes designed in academia or recognized as side effects
in biotechnology approaches that are not represented in this
progress report (Timofeeva et al., 2022) 7 (Drechsel and
Winkelmann 2022) 181, The degree of siderophore structure
flexibility in relevant business areas like heavyweight
industrial chemicals, non-nutritional iron supplementation
for humans, and iron delivery in plants and environmental
applications such as in situ groundwater remediation and soil
doping is strongly dependent on the presence of surface
ligands and on biocompatibility with dissimilar biological
hosts, both macro- and microbiological, in terms of safety and
policy conditions (Shankar and Akhter 2024) 871 (Laisney et
al. 2022) 4,

2.2. Mechanism of Iron Acquisition

Siderophores are molecules of primary importance to
bacteria, given that they function in the accretion of iron,
which is required for many fundamental biological processes.
Ferric ion is a cation that has low solubility in aerobic
environments and neutral pH; hence, its relative
unavailability for microorganisms. There are mainly three
different ways bacteria have evolved to obtain iron:
siderophore-mediated uptake systems, haem uptake systems,
and siderophore-independent methods. Among these, the
siderophore-mediated uptake systems are the most well-
studied. (Ghssein & Ezzeddine, 2022) 2 (Wade et al. 2021)
[104]

Siderophores, in general, can be defined as low-molecular-
mass, iron-chelating compounds. Siderophores have a higher
affinity for ferric iron than most proteins. They scavenge
available iron via a process in which they function as iron-
complexing ligands and form a very stable ferric ion complex
(Rai et al., 2020) " (Vijay et al.2023) 1%, This complex is
referred to as a siderophore—iron complex or Fe—siderophore
complex. These siderophore—iron complexes are more
soluble, allowing them to remain in solution even if their
precursor iron is present below the solubility limit (Drechsel
and Winkelmann 2022) [81 (Schalk, 2024) ®l. Bacteria may
then take up siderophore-bound ferric iron via specific
receptor-mediated transport systems in a process known as
iron piracy and utilize it for their own benefits (Weakland,
2020) 971 (Roth-Walter, 2022) B%, The active uptake of
siderophore-iron by bacteria in various environmental
conditions, such as pH, is discussed in detail. The
significance of understanding uptake is for the development
of siderophore-based novel strategies to kill resistant
bacteria. Pathogens are known to produce their own
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siderophores and even exploit the host iron sources through
these siderophores (Khasheii et al., 2021) 2 (Kramer et al.,
2020) [431,

3. Types of Bacterial Siderophores

Siderophores are low-molecular-weight chelators produced
by virtually all organisms to increase iron uptake in order to
maintain normal cell growth. Siderophores produced by
bacteria are categorized into distinct chemical classes:
phenolates, catecholates, mixed ligands/ammoniacals,
carboxylates,  hydroxamates, and keto  acid-type
siderophores. However, in this review, the classification of
bacterial siderophores will be based on their chemical
structures, such as mixed ligands/hydroxamic acids,
hydroxycarboxylates, hydroxamic acids,
hydroxycarboxylates, catecholates/metabolites, and keto
acids/chelated metabolites, and by their source, such as
released chelators and surface-associated chelators on the
bacterial envelope (Timofeeva et al., 2022) P71 (Khasheii et
al., 2021) B2, The primary criteria for bacterial siderophore
classification are the functional groups and the hydrophilic or
hydrophobic properties of siderophores (Singh et al.2020) [°4
(Mular et al.2024) 59,

Hydroxamates are classically considered fungal-origin
siderophores, but bacteria also produce hydroxamic acid
siderophores. Enterochelin is the best known among the
mixed ligands siderophores. Catecholates/metabolites
contain a metal ion either in the ortho or para configuration,
i.e., the carboxyl side of the hydroxyl group is either cis or
trans positioned around the aromatic hydroxyl group (Al et
al.2020) (Timofeeva et al., 2022) 7. Amphiphilic keto-
siderophores are commonly called chelated metabolites,
syndromes, chlamydial, cupriachelin, kestonbachelin, and
aerobactin. The structural diversity of these keto acid-type
siderophores is due to the disaccharide chain, and the fatty
acid moiety can be esterified or amide-linked to the sugar
ring(s) or the siderophore moiety. Bacteria also produce a-
keto-siderophores, such as complexes with Fe, Mg, and Co,
which are cytotoxic. The best known is aurichrysin. These
iron-chelating siderophores can form various stable
complexes. The high affinities pursued by the catechol and
hydroxamate siderophores reflect the high iron solubility, the
bioavailability of Fe3+ and Fe2+ in equilibrium expressed by
the association constant in water (Kircheva et al., 2022) 7]
(Munjal et al.2024) 1 (Pall et al.2024) 4, These high
stability fields of the siderophore/iron complexes indicate the
siderophores' high potential for the sequestration of soluble
iron in the environment in the cutaneous layer, biofilm, or
extracellular bacterial colonies (Roskova et al., 2022) [,

3.1. Enterobactin

Enterobactin is one of the most studied but not the easiest
siderophores (Nodwell & Britton, 2020) [, It is the most
potent siderophore synthesized by enterobacteriaceae, with a
formation constant for iron(I11) enterobactin around 1052 and
very low dissociation kinetics, with values near 10—53 M s—1
(Yang, 2022) 129 (Drechsel and Winkelmann 2022) (61, The
structure of enterobactin starts with a hexamolecule formed
by 3 molecules of L-2, 3-diaminopolypropionic acid, coupled
with 1,2-diamino-3-hydroxycyclohexane, a derivative of
serine, and closed with two salicylic acid moieties. The triple
bonds of DAP or serine and hydroxyl groups are the main
ligands for Fe(lll) chelation. This complex is named o-
enterobactin, due to a backbone cycle constituted by the
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diaminopropionic acid units (Martin, 2024) 53 (Ul-Ain et al.,
2024) %9, Enterobactin is a catecholate siderophore, as its
salicylic moieties act as chelating ligands (Dhuldhaj &
Pandya, 2021) 81 The nature of the ligands and the
enterobactin chelation cycle result in one of the lowest
dissociation constants when reacted with free cells at very
low iron levels. Subsequently, iron (lIl) or ferric-a-
enterobactin is coordinated by Zur or Mur, which
accumulates in the cytoplasm, starting an oxidative process
that eliminates the ligands that are metabolized (Chen, 2020)
(1131 (Saha et al. 2020) 81,

The synthesis of enterobactin is triggered by very low iron
media, and the repressor, the ferric uptake regulator, is
inactivated, allowing sigma factors to promote the
enterobactin genes. The genes of the biosynthesis of unity are
organized into an operon named ent or fep for ferri-
enterobactin of entero- (Casanova-Hampton et al. 2021) (8
(Mohite et al.2022) [581, The bacteria that have the fep operon
annotations do not show any difference from the others, and
the former could miss any other operons. The synthesis
includes about 20 proteins that mainly take a portion of DAP,
L-serine, adenosine triphosphate, or 6-phospho-L-serine
biosynthesized in the organism to take the first metabolite. It
is assimilated by the synthesized 2,3-dihydro-2,3-
dihydroxybenzoate (Chatterjee et al., 2021) ! (Apostolos et
al. 2020) .

3.2. Pyoverdine

Pyoverdine is one of the most well-known siderophores
produced by the majority of Pseudomonas species.
Structurally, pyoverdine belongs to the chromophoric
pyoverdine system and consists of a trimeric acidic peptide
synthesized by non-ribosomal peptide synthetases to which a
special dihydroxyquinoline chromophore is covalently linked
at the C-terminus (Ghssein & Ezzeddine, 2022) 1 (Liu et al.
2021) 1 The chromophore confers the typical greenish
fluorescence to aqueous pyoverdine solutions, which has
been exploited to visualize the secretion and recapture of the
siderophore in situ. The two hydroxyl groups of the
pyoverdine chromophore are rather acidic, hence promoting
a very efficient complexation of ferric iron with unmatched
high siderophore affinity constants. Indeed, pyoverdine is the
siderophore with the highest affinity for Fe(lll) ever
measured (Lear et al., 2022) *71 (Cunrath et al. 2020) [,
Furthermore, the high redox potential of the chromophore-
bound ferric iron enables the efficient reduction of Fe(lll) to
Fe(Il) already in the outer membrane, which allows direct
transport across the cytoplasmic membrane into the
periplasm by pyoverdine recycling for further rounds of iron
acquisition (Lueder et al.2020) B (Cui et al.2024) [*2,
Pyoverdines are highly ecologically relevant since they not
only serve to support bacterial populations under iron-
limiting conditions frequently encountered in the
environment, but also shape the composition and structure of
soil and water bacterial communities due to their specific
interaction with other environmental microorganisms
(Tostado-Islas et al. 2021) 8] (Lozano-Gonzalez et al. 2023)
1591, For example, due to iron competition in the rhizosphere,
pyoverdine overproducers can promote the accumulation of
particular Pseudomonas species, which can facilitate plant
growth. Of note, several additional, structurally diverse
pyoverdines may be produced by different isolates of P.
fluorescens and P. aureofaciens, which may allow these
strains to adapt to and colonize distinct ecological niches
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more effectively (Figueiredo et al., 2021) 4 (Figueiredo et
al., 2021) P4 In addition, pyoverdine-secreting
Pseudomonas species may also produce and secrete
additional iron-scavenging molecules, such as small
amphiphilic siderophores. The clinical relevance of
pyoverdine has been recently further underscored by studies
that showed its ability also to modulate iron homeostasis
during infections (Ghssein & Ezzeddine, 2022) 1 (Schalk &
Perraud, 2023) [821,

4. Applications of Bacterial Siderophores

Bacterial siderophores find applications in diverse fields.
They play very important roles in bioremediation, bringing
about the degradation of xenobiotics. In biotechnology, they
find applications in detecting and dissolving deleterious
drugs and contaminants (Soares, 2022) 2 (Roskova et al.,
2022) [, In medical care, they aid in attempting to fight
infections caused by pathogenic bacteria. In agriculture, they
also play a crucial role, as the availability of iron is essential
for proper plant development and nutrition (Chinemerem et
al.2022) (Yu et al.2020). Combining a fundamental
understanding of siderophore function with the diverse
applications will certainly lead to innovative insights and
developments targeting important environmental and health
issues (Xie et al., 2024) (Schalk, 2024) [,

Perhaps of importance is the application of siderophores in
bioremediation. Siderophores aid in removing elements like
heavy metals that could potentially be harmful to animals that
live in and rely on soils used for agricultural purposes or
groundwater that provides drinking water (Roskova et al.,
2022) [%1 (Sundaram et al.2021) *31. Siderophores have led to
the development of biotechnology that can utilize
siderophores for imaging (Soares, 2022) 2. Naturally
occurring siderophores conjugated to imaging agents can
provide high-resolution images of processes in soil and
systems. Researchers are developing genetically modified
plants that are resistant to aluminum toxicity, which is the
result of the accumulation of iron compounds
(Lakshminarayanan et al. 2024) 1 (Peukert et al. 2021) 671,

4.1. Bioremediation

Although the role of bacterial siderophores in promoting
environmental benefits is not as frequently addressed as that
utilized in agriculture, there exists an interest in biomolecules
from understudied species for other aims, particularly
bioremediation. In this case, bacterial siderophores can aid in
the mobilization of heavy metals or metal contaminants,
initiating detoxification processes (Roskova et al., 2022) ["]
(Mitra et al.2021) 7. As will be discussed, the functioning
of siderophores makes their use in environmental cleanup an
alluring prospect (Vijay et al.2023) U, Their behavior in
natural systems may also shed light on how best to use
siderophores when designing bioremediation strategies (Patil
et al. 2024) %31, This section introduces the general principles
and screening techniques associated with bioremediation
(King et al., 2023) B4 (Lawniczak et al. 2020) [“], Next, the
role siderophores play in metal detoxification will be
discussed, explaining the sequestration, facilitated transport,
and microbial growth mechanisms employed (Pecoraro et al.
2021) 81, Examples will be given highlighting the potential
for siderophore assimilation in bioremediation, reflecting the
success of biological remediation efforts utilizing
siderophores (Sevak et al., 2021) 1 (Newsome & Falagan,
2021) 2, The use of negibacteriales is associated primarily
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with the external application of siderophores, though
bacterial isolates from other classes can be separately
targeted for bioaugmentation based on their pollutant
degradation potential or siderophore production. This section
will also address a couple of case studies involving cleanup
using identified siderophores and raises the question of what
is considered an environmentally appropriate result in a
number of these studies (Roskova et al., 2022) "1 (Gomes et
al. 2024) 1 (Calderén et al.2023). Shifting towards more
ecologically engineered applications, the implementation of
siderophores in situ will be introduced, particularly with a
discussion of the potential for siderophore degradation and/or
inhibition to coincide with cleaner discharges of toxic
compounds in ecosystems, these predictably beneficial
results being a con of using siderophores as well as a reason
ethically warranted under the "do no (further) harm" echelon
(Yi et al.2024) (Hofmann et al.2021) 81, A brief discussion
on whether or not there is incentive to use or mix with other
treatments will then be included, considering questions of
synthetic efficiency (Koch et al., 2022) 9 (Kaul et al.2022)
1391, For example, while other operable options are discussed,
Siderophore-Assisted Phytoremediation (SAP), one of this
study's primary construction scenarios, is underscored for its
fundamental natural benefit: it is truly bioethical and natural,
subordinated to the nature of plant photosynthesis. The role
of siderophores in terms of remediation does not directly
follow the prior section concerning metal bioavailability
(Roskova et al., 2022) "1 (Gomes et al. 2024) [2°], Rather,
contextually, this gives the reader an entirely different
perspective: the promotion of bacterial populations which can
aid in and enhance the complete detoxification of metals and
other pollutants (Mathivanan et al. 2021) >4,

4.2. Medical Applications

The discovery of the potential application of bacterial
siderophores as a novel or ancillary therapy in medicine,
especially for treating infectious diseases, has emerged in
recent years (Miller & Liu, 2021) 9, These siderophores are
considered therapeutic agents; to be useful, they must be
effective at inhibiting bacterial growth, inhibiting biofilm or
the mobility of bacteria, or inhibiting the formation of toxins
or other virulence factors (Khasheii et al., 2021) B2 (Ribeiro
et al., 2022) I8, Siderophores show these properties by
targeting pathogenic bacteria through strategies that limit iron
acquisition within the host (Khasheii et al., 2021) 2 (Kramer
et al, 2020) 3. They sequester iron from human or
mammalian iron-binding proteins such as transferrin,
lactoferrin, and ferritin, among others, and offer an
alternative route of acquiring iron over human glycoproteins
such as albumin, which represents 70% of the iron-binding
capacity of mammalian plasma (Vogt et al.2021) [1%I (Silva
et al. 2021) [89,

A variety of drugs targeting bacterial proteins in the
siderophore compensational system have been developed and
demonstrated in vitro and in preclinical models to be potent
iron acquisition inhibitors, anti-virulence agents, and/or
antibacterials by enhancing the activity of antibiotics
(Stelitano et al.2023) (Ribeiro et al., 2022) 8], Not only
synthetic but also several natural compounds based on
hydroxamate or catecholate scaffolds effectively inhibit
Gram-positive and Gram-negative pathogens (Al et al.2020)
(Weng et al.2023). These siderophore-based compounds
demonstrate the efficiency of diagnosis and treatment in
several in vitro assays and preclinical disease models
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(Khasheii et al., 2021) B4 (Mular et al.2024) 9, Although
most of these drugs are still in their early stages of
development, they are regarded as potential alternatives to
traditional antibiotics. The most extensively researched
bacterium with regard to the development of siderophore-
based drugs is A. baumannii. Currently, advanced and
detailed reviews are describing promising A. baumannii
siderophore exploitation in detail (Sheldon & Skaar, 2020)
881 (Song & Kim, 2020) 31,

5. Conclusion

The aim of this review was to offer an in-depth description of
the most interesting and important types of bacterial
siderophores currently being studied and to emphasize their
importance in various scientific fields. The structural outline
of this review has guided us through the standard biochemical
properties of siderophores, their ecological significance, their
relationships to good and bad bacteria, and their potential
applications in regard to biotechnology and medicine. The
presented work was supplemented by the results of studies,
which allow this review to document the current state of
knowledge and demonstrate the areas requiring further
experiments. Despite the extensive achievements in
siderophore research, it is becoming increasingly clear that a
much more comprehensive adoption of interdisciplinary
approaches could lead to the discovery that these compounds
may be used for the benefit of humanity in a variety of other
fields that were previously not under consideration. In
conclusion, bacterial siderophores are extremely important
substances not only from the point of view of iron acquisition
but also in the context of interactions with other bacteria.
Siderophores, thanks to their ability to form stable complexes
with toxic metal ions, can also be useful in the bioremediation
of heavy metal contaminated areas. Therefore, the
establishment of research based on this hypothesis should
lead to the discovery of additional siderophores using good
bacterial strains.
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