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Abstract: Many countries banned asbestos due to its toxicity, but considering its colossal use, espe-
cially in the 1960s and 1970s, disposing of waste containing asbestos is the current problem. Today,
many asbestos disposal technologies are known, but they usually involve colossal investment and
operating expenses, and the end- and by-products of these methods negatively impact the envi-
ronment. This paper identifies a unique modern direction in detoxifying asbestos minerals, which
involves using microorganisms and plants and their metabolites. The work comprehensively focuses
on the interactions between asbestos and plants, bacteria and fungi, including lichens and, for the
first time, yeast. Biological treatment is a prospect for in situ land reclamation and under industrial
conditions, which can be a viable alternative to landfilling and an environmentally friendly substitute
or supplement to thermal, mechanical, and chemical methods, often characterized by high cost
intensity. Plant and microbial metabolism products are part of the green chemistry trend, a central
strategic pillar of global industrial and environmental development.

Keywords: asbestos-containing wastes; naturally occurring asbestos; detoxification; biological
treatment; siderophores

1. Introduction

The definition of asbestos changes depending on the context—the term has its com-
mercial, mineralogical, geological, regulatory, analytical, or public health and media mean-
ing [1], but none of the most popular labels—regulatory and mineralogical—fully re-
flect the common understanding of the term [2]. “Asbestos” refers to the trade name of
six fibrous minerals representing two groups. The first group is serpentine asbestos, known
as chrysotile. The second one is amphiboles, including actinolite, amosite, anthophyllite,
crocidolite, and tremolite [3–7].

Chemically, asbestos is a hydrated silicate containing various metals, mainly mag-
nesium and iron. They may contain admixtures, e.g., other silicates, such as mica or talc;
carbonates, such as calcite, dolomite or magnesite; and metals, including nickel, chromium,
and vanadium. The composition of chrysotile is homogenous, while amphiboles’ physical
properties and chemical composition are diverse. Some asbestos, e.g., crocidolite, may
contain polycyclic aromatic hydrocarbons [6].

All the above minerals are strongly toxic, and their extraction, processing, and release
are legislated [8]. Łuniewski and Łuniewski [9] indicated that about 150 minerals in nature
in fibrous form can separate into resilient fibers (fibrils) during manufacturing. On the
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other hand, Baumann et al. [1] reported that roughly 400 minerals occur naturally as fibrils.
Still, only the six listed above were brought to legal regulation because they were the only
mineral fibers used commercially at the time of the introduction of regulations. The basis
of the law was the assumption that sole commercial use could lead to widespread human
exposure. Other minerals whose structures also contain fibers (e.g., erionite, taconite,
and talc), although capable of causing asbestos-related diseases, are not referred to as
asbestos [10].

Various organisms produce a wide array of compounds, including primary and sec-
ondary metabolites. Primary metabolites are necessary for normal functioning, including
growth and reproduction, while secondary ones are unrequired. They are often char-
acteristic of a particular genus or species and have enormous structural and functional
variation [11]. Their production responds to external stress and is part of the interaction
between the organism and the environment. The secondary metabolites can promote plant
growth and protect them from insects and herbivores or drought; others may be cytotoxic
inhibitory agents or characterized, for example, by antibacterial, antifungal, and antioxi-
dant properties [12,13]. These substances can provide advantages over other species, for
example, by increasing survival rates or allowing colonization of hard-to-reach areas. For
instance, lichens can produce chelating and acidic compounds that enable them to colonize
asbestos minerals [14] (Figure 1).
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Figure 1. Asbestos disposal by living organisms.

According to the policy of the WHO (World Health Organization) and the ILO (In-
ternational Labour Organization), the elimination of asbestos-related diseases is possible
primarily facilitated by prohibiting the use and production of all forms of asbestos, but the
removal and disposal of existing and used asbestos constitutes a constant threat to human
health. Many methods of asbestos detoxification are known, but they are not without envi-
ronmental impacts and often involve colossal investment and operating costs. This article
points out the modern direction in the disposal of this mineral using selected metabolites of
microorganisms and plants. The substances can successfully dispose of naturally occurring
asbestos found in industrial products, which are still present in the environment today,
despite the ban on their use and marketing in many countries. Using plant and microbial
metabolism products is part of green chemistry, a crucial component of the foundation in
developing global industry and environmental protection. Moreover, asbestos exposure is
an essential inducer of many diseases, including cancer, so the topic is also highly relevant
for protecting human health and life.

2. Naturally Occurring Asbestos (NOA) and Asbestos Use in Industry

Asbestos is a ubiquitous mineral in the environment—its rich deposits can be found
in Russia (the Urals) and the US (the Appalachians), as well as in Canada, India, China,
Italy, the southern part of Africa, Greece and Cyprus [15].
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Asbestos minerals can form in various rock types at a wide range of temperatures
and pressures. The high magnesium content of the parent rock and suitable structural and
metamorphic conditions are conducive to their formation [16]. The natural occurrence of
asbestos is primarily associated with ultramafic rocks, mainly serpentinite, in which fibers
are found in various generations of metamorphic veins [17]. Asbestos is also often found in
mines and quarries of heavy metals or other minerals, such as chromite or vermiculite [5].

Despite this high prevalence, the belief that environmental exposure to asbestos
through water or soil was negligible persisted for some time, based on the assumption that
the fibers should settle on the ground and be filtered out of the water by it [18]. However,
asbestos contamination of soil has an essential role in shaping human exposure to this
agent, primarily when the ground is used for agricultural purposes because human activity
leads to the mobilization of fibers [15]. Assuming that asbestos fibers behave similarly to
other mineral colloids in water, their mobility in soil is determined by physical factors, i.e.,
particle size and shape, pore size distribution in the matrix, and chemical ones—pH, ionic
strength, and the presence of phosphate and dissolved organic carbon, which affect the
interaction between the colloid and soil. In addition, fulvic and humic acids can increase
fiber mobility [19], so it can be assumed that agricultural soils rich in asbestos may be an
essential factor in shaping cancer incidence.

All asbestos is of natural origin, but the term “naturally occurring asbestos (NOA)”
distinguishes between fibers found in rocks and soil that can be mobilized by human activity
or weathering and those that come from industry or commercial sources [16]. In addition to
the natural presence of asbestos in bedrock, its presence in the environment can result from
improper disposal of materials containing it or proximity to mining/treatment centers for
the mineral [15]. The most commercially used asbestos mineral is chrysotile, which forms
thin, soft, and flexible fibers. It accounts for about 90% of global asbestos production [8]. The
properties that have led to its prevalence in many industries are primarily its mechanical
strength; resistance to biodegradability; high resistance to electricity, alkalis, and acids;
ability to absorb sound; poor thermal conductivity; resistance to low and high temperatures;
negligible solubility in water; and non-flammability [8,20–23].

Due to its properties, asbestos had about 3000 different uses at its peak in industrialized
countries [24]. One of the most popular asbestos-containing products is eternit, which has
found use in the construction industry, mainly for roofing and facades. The peak of its
use was in the 1960s and 1970s. The asbestos content of this product ranged from 10 to
18%, and its competitiveness was primarily due to its more attractive price compared to
other products with similar characteristics [25]. In addition, different varieties of asbestos
have found use in the brewing and pharmaceutical industries for filtration, as fillers for
varnishes, and as insulation material for heating and reinforced wiring for various plastics.

3. Asbestos’ Impact on Human Health

The health effects of human exposure to asbestos have been well studied at the indi-
vidual level and in larger populations, such as at the national level [26–30]. Asbestos use
in the 1960s correlates strongly with asbestos-related disease mortality in the early 21st
century. Reducing asbestos use, mainly due to appropriate regulations and restrictions, has
resulted in declining disease rates. As a result, it is assumed that the most effective way
to eliminate asbestos-related diseases will be to ban the usage of all asbestos forms [31].
Despite restrictions on its use and the manufacture of asbestos-containing products world-
wide, annual production hovers at around 2.5 million tons, and products containing the
mineral are still widely used in India and China, where more than a third of the world’s
population lives [5].

The first mention of the link between asbestos and cancer incidence appeared in 1938
when the criteria for handling workplaces associated with the material were established [32].
The problem of diseases caused by asbestos minerals was for some time considered to only
concern the population associated with its mining and processing, but the phenomenon
affects not only workers but also their families and the population living in areas near
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industrial centers [4,8]. For example, car tires and clothing can carry amphiboles, exposing
populations other than those directly affected by dust emissions [33]. Finally, the “ILO
Resolution concerning asbestos in 2006” stated that all forms are human carcinogens [34].
The policies of the WHO and the ILO on asbestos are converging [34]; both organizations
have declared combating diseases associated with the material a priority for coopera-
tion [35]. The critical risk associated with asbestos is the release of fibers from the products,
which enter the respiratory tract and cause asbestosis and carcinogenesis. Fiber lengths of
5–10 µm and diameters of 0–1 µm are considered the most dangerous [8]; by comparison,
the diameter of cotton fibers is 10,000 to 35,000 nm, amphiboles are 100 to 300 nm, and
chrysotile is 15 to 42 nm [9].

Asbestos has been classified as Group 1 by the IARC (International Agency for Re-
search on Cancer), which means that there is sufficient evidence to suggest that this material
is involved in causing cancer in humans [36–38]. Asbestos exposure justifies the formation
of cancers, including malignant pleural mesothelioma [39–46], lung cancer [41,42,47–51], as
well as ovarian cancer [52–55] and cancer of the larynx [56–59]. For cancers of the pharynx,
stomach, colon, and rectum, the IARC considers asbestos an agent with limited evidence
of causing the above diseases [38]. Non-malignant conditions associated with exposure
to the mineral include asbestosis [1,5,47,49,51], asbestos warts, pleural effusion, pleural
plaques, and diffuse pleural fibrosis [4,60]. In addition, it may be responsible for other
health effects, including decreased immune function or cardiovascular disease [33]. Annual
global healthcare costs associated with asbestos-related cancers hover at roughly USD
2.4–3.9 billion, excluding the charge of pain, suffering, and welfare losses [31].

4. Conventional Methods of Asbestos Management

Once it loses its properties or dereliction, asbestos or material containing it becomes
waste, the management of which proves problematic. The most popular possibility put
into practice involves landfilling. It is a temporary solution as it generates the danger of
migration of finer fibers into the environment. Moreover, landfills are often not prepared to
accept large amounts of waste in terms of organization and require constant supervision
and high financial expenditures [61]. Moreover, such an approach is incompatible with
sustainable land use, recycling, and closing material cycles [8,62]. It is necessary to dispose
of asbestos, although this involves specific difficulties and costs. In addition, in many
countries, despite the massive preponderance of disadvantages over advantages, landfilling
is the only legally permitted method of asbestos waste disposal.

Asbestos disposal can be carried out by biological, mechanical, thermal, chemical or
mechanochemical processes (Table 1). One method of asbestos disposal is solidification
or stabilization [62–64], which involve immobilizing asbestos fibers in various matrices,
such as cement or polymer resins. Their main advantages are low cost, both in terms of
investment and operation, simplicity, and speed in removing the immediate danger. On
the other hand, they do not eliminate fibers irreversibly, and the resulting material is not
a reusable product. Another way to deal with asbestos is vitrification technology [65–67],
which involves using high temperatures to remove organic matter and liquify the mineral
fraction. The process reduces the mass and volume of the waste, and the structure and
properties of the material are changed; the result of the operation is a material in the
form of glass or substances similar to it, characterized by high mechanical strength and
low chemical reactivity, reusable, for example, in construction. This technology does not
generate additional solid waste but produces volatile pollutants. There are also huge
costs: firstly, in setting up the installation and then ensuring proper system operating
conditions and providing energy [68,69]. Mechanical methods are the next option for
asbestos product treatment—they degrade the mineral’s crystal structure, and the fibers
are destroyed by breaking the bonds between silica and brucite. The result of this approach
is asbestos-free powders that can be used as raw construction material. Unfortunately,
mechanical processing involves even higher costs than thermal processing [62]. Grinding
can complement thermal methods—this allows a lower temperature to be used in the
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process and also increases the degree of amorphization of the product [70]. Chemical
treatment of asbestos is another potential option for its disposal. This approach involves
using organic and inorganic bases, acids, and fluorine compounds to break down the fibers.
Theoretically, the end products of the process can be reused, for example, in the production
of fertilizers or as an adsorbent or filler in the production of plastics [61]. It is worth noting
that processes almost identical to those carried out in chemical processing occur naturally
but usually on a much smaller scale. Protecting and promoting them in situ or using them
under industrial conditions can result in effective asbestos disposal while respecting the
environment and at a limited cost.

Table 1. The most important features of asbestos processing methods.

Biological
Treatment

Mechanical
Treatment

Thermal
Treatment

Chemical
Treatment

Mechanochemical
Treatment

Pre-treatment Usually no No Usually yes—e.g.,
crushing

Usually yes—to
obtain an appreciable

conversion of the
asbestos fibers

Usually no

Process temperature
(◦C) 20 n.a. 650–1600 25–600 80

Energy consumption
(kWh/kg) - >1.5 0.5–1.5 Nonsignificant n.a.

Chemicals
consumption No No No Yes No

Gaseous output No
Yes—with
significant

amounts of dust

Yes—with small
amounts of dust No Yes—with small

amounts of dust

5. Living Organisms and Asbestos Disposal

Living organisms and the substances they produce are capable of destroying all sorts of
materials, ranging from wood [71–73] and wool [74,75] to plastics [76–79], with bacteria and
fungi contributing the most to these processes. Few studies are available in the literature
on using microorganisms of various species and the metabolites they produce to dispose of
ACW (asbestos-containing wastes) and NOA. Below, we comprehensively indicate selected
interactions between living organisms and asbestos, which are particularly important for
its detoxification.

5.1. Bacteria

Thanks to their ubiquity and metabolic activity, bacteria play an essential role in the
bioremediation of many xenobiotics. It has already been shown that nitrifying bacteria,
through the production of nitric acid and nitrous acid, can participate in the degradation of
various types of materials, such as concrete and plaster, as well as minerals, for example,
sandstone, mica, and clay. It has also been reported that these bacteria, in interaction
with algae, lichens, and molds and under the influence of atmospheric factors, affect the
decomposition of cement and asbestos roofing materials [80,81].

Borges et al. [82] studied the biological degradation of chrysotile and asbestos cement
tiles (ACT) with the involvement of the bacteria Acidithiobacillus thiooxidans and filamentous
fungi of the species Aspergillus niger. The authors also evaluated the degradation of the
above materials in contact with the metabolites of the microorganisms mentioned above,
that is, with gluconic acid, citric acid, oxalic acid (produced by A. niger), sulfuric acid
(produced by A. thiooxidans) and water as a control. For chrysotile, this degradation was
assessed by the amount of Mg released from the mineral; for the ACT, it was evaluated
by considering the amounts of Mg and Ca released. Organic acids and sulfuric acid
proved highly effective in promoting the degradation of chrysotile and ACT, reaching
up to 80–100% of the element’s release after 30 days of experimentation, resulting in an
amorphous solid when chrysotile was treated with gluconic and oxalic acids. In the
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degradation of asbestos-cement tiles, strong Ca release occurred first, which the authors
explained by promoting the dissolution of CaCO3 first. Only then did the degradation of the
chrysotile contained in the material occur, manifested in the release of Mg. Degradation of
both materials under the influence of A. niger and A. thiooxidans was measured in submerged
and solid cultures. The morphologies of chrysotile and ACT after biological treatment were
similar to those observed after acid treatment, indicating the approach’s effectiveness in
detoxifying asbestos fibers. Contradictory results were obtained by Mohanty et al. [83],
indicating the lack of effectiveness of oxalic, malonic, and citric acids at concentrations
of 100 µM in removing Fe from chrysotile. Still, the authors point out that this was most
likely due to the use of low concentrations of compounds and high pH. The high pH in the
presence of organic acids influences the solubilization of elements from chrysotile fibers
negatively, so acids’ contribution to in situ iron extraction may be limited.

5.2. Fungi

Fungi can colonize virtually any environment that provides a sufficient source of
nutrients and water. The colonization of the surface and species composition depends on
the characteristics of that surface, primarily its permeability, moisture content, porosity, and
roughness. In the case of cement, its composition also determines the variety of species able
to colonize it [84]. Given the above, fungi can effectively remediate asbestos-contaminated
soils—mycelium can inhibit the spread of fibers in areas where these organisms are present.
Moreover, both free-living and symbiotic fungi produce secondary metabolites that can
complex, precipitate or reduce elements, significantly affecting their speciation, mobility,
and bioavailability, but also susceptibility to bioleaching and bioremediation of metal-
rich liquid and solid matrices [85]. The metabolites they produce can modify the sur-
face of minerals, including asbestos, for example, by increasing the solubility of iron in
the structure, depriving the material of active sites involved in triggering carcinogenic
mechanisms [86–88].

One microorganism that may play an essential role in asbestos detoxification is the
filamentous fungus Aspergillus niger. It is a significant producer of industrially valid organic
acids, including gluconic, malic, citric, and enzymes. The oxalic acid it produces is a by-
product that requires removal from the line due to its toxicity and potential to form a sludge
that impedes further processing. On the other hand, oxalic acid is a helpful substance
in hydrometallurgical and reclamation processes [89–91]. This compound, being one of
the factors of mineral weathering, along with the naturally occurring cycles of thawing–
freezing, wetting, and drying, reduces the ability of asbestos to generate reactive oxygen
species [92]. Oxalic acid is a naturally occurring organic acid of moderate toxicity and is
a by-product of the chemical industry. It is possible to use this substance as a potential
detoxifying substance for asbestos in situ and industrial disposal of the material [93].

5.3. Lichens

Lichens, obligate symbionts of fungi with cyanobacteria or green algae, play a unique
role in the chemical weathering of minerals. The secretion of oxalic acid by lichen fungi
is assumed to be the main factor responsible for this process in the case of asbestos since
oxalate deposits are often observed at the boundary between lichen and rock. The presence
of lichens on asbestos minerals leads to their chemical modification, change in physical
properties, or even destruction. Physical processes, such as alternate shrinkage, surface-
adherent thallus expansion, and hyphae penetration into minerals, lead to disaggregation.
Lichens can release acidic and chelating molecules, leach, and/or complex metal ions,
contributing to mineral dissolution or neoformation. Primary metabolites, such as oxalic
acid, and a wide range of poorly soluble secondary metabolites may be involved in biogeo-
chemical processes. Still, the effect of altering mineral properties does not occur identically
for all NOAs [17].

According to Favero-Longo et al. [94], lichens of the species Lecanora rupicola and
Xanthoparmelia tinctina, growing on serpentine, produce a broad spectrum of secondary
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metabolites (atranorin, sordidone, thiophanic acid, lecanoric acid in L. rupicola; salazinic
acid and usnic acid in X. tinctina), while Candelariella vitellina can produce calycin and
pulvinic dilactone. The production of oxalates by L. rupicola and X. tinctina on serpentinite
surfaces has been observed both in the environment and under laboratory conditions.
The authors report that in vitro incubation of minerals with sterile cultured isolates of
lichen-forming Ascomycota only partially reproduces the natural biogeophysical and
biogeochemical processes occurring at the lichen-rock interface in the field. It comes from
differences in fungal metabolism, length of contact time between lichen and mineral fibers,
and the lack of external dynamic factors mobilizing chemical weathering agents.

5.4. Yeast

There are virtually no studies on the use of yeast for asbestos detoxification. Instead,
one can find information that these organisms can colonize asbestos-containing materials.
Cassiola et al. [95] showed that yeast cells of the Saccharomyces cerevisiae species trapped in
chrysotile washed with tap water and activated by sonification at pH = 4.7 to remove the
brucite layer and obtain fibers of shorter length manifested fermentative activity but were
less able to bud. Another study [96] evaluated the viability of S. cerevisiae cells on chrysotile
and crocidolite activated by the method as in the aforementioned cited experiment and on
chrysotile heated for three days under a reflux condenser with hot fuming hydrochloric acid
to remove the brucite surface and make the fibrous layer available. The study demonstrated
the effectiveness of the substrates in immobilizing cells and the fermentation activity of
yeast growing adherently on the materials analyzed and stored for at least three years.
However, the authors reported deformation of yeast cells by crocidolite fibers and reduced
viability of microorganisms, which they attributed to the higher toxicity of this material
compared to chrysotile. Wendhausen et al. [97] also reported the effectiveness of chrysotile
in immobilizing yeast cells and increasing fermentation yield.

6. Metabolic Products of Microorganisms and Plants under Abiotic Stress Conditions

Microorganisms can adapt to adverse environmental conditions through complex,
multi-level processes. Moreover, they enable plants to survive stress by promoting their
growth, managing nutrients, including iron and magnesium, and fighting disease [98].
Accordingly, microorganisms can also adapt to asbestos-rich environments via physico-
chemical biotransformation of this mineral.

All asbestos contains relatively high amounts of iron—from 2% to approximately 27%.
This element plays a structural role in asbestos or is a substitute cation or impurity [99]. De-
pending on the type of mineral, the amount of Fe can vary significantly [100]—in amosite,
it is ~28.5%; in crocidolite, it is 27.3%; in tremolite, it is less than 5%; and in chrysotile, it is
only 0.7% [101–103]. Fe can catalyze the Haber–Weiss (Fenton) reaction, generating OH hy-
droxyl radicals [100,104–108]. The OH-producing ability of the fibers of individual asbestos
minerals is as follows: crocidolite > amosite > tremolite > anthophyllite > chrysotile. Still,
a key role is played by both the Fe content and oxidation state [109]. Pacella et al. [105]
found a direct correlation between Fe topochemistry and chemical reactivity. Fe2+ and
Fe3+ in exposed amphibole sites are crucial determinants of Fe availability in biochemical
reactions, particularly in reactive oxygen species generation. On the other hand, the rela-
tionship between crystallochemical characteristics and toxicity in vitro is more complicated.
According to the above study, minerals characterized by significantly higher Fe content and
chemical reactivity showed comparable toxicity to less reactive and less Fe-rich minerals.
The surface reactivity of crocidolite and tremolite depends more on specific Fe sites on
the outer layers of the material than on the total Fe content [104]. Fe from Mg layers loses
the ability to form OH in a wide pH range caused by the precipitation of secondary Fe
phases with low Fenton activity [110]. On the other hand, the complexation of Fe by ligands
in the soil in the long term will not significantly reduce the generation of ·OH radicals
by fibers due to the rapid precipitation of iron upon dissolution. Furthermore, asbestos
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mutagenicity and carcinogenicity may result from the interaction of Fe with ·NO, leading
to the formation of e.g., peroxynitrites [111–113].

Chemical reactivity partly determines pathogenicity, including carcinogenicity, which
is often linked to the presence of iron in the mineral structure [88,101,104]. Accordingly,
the removal of this element, its chelation, or modification of mobilization likely represent
the solution to the problem of fiber toxicity [109,114,115]. The second asbestos disposal
pathway is the disruption of the magnesium-silicate bearing, which is more likely from the
view of fungal than bacterial interactions [116].

6.1. Melanins

Melanins are metabolites produced by microorganisms that can interact with metal
ions in asbestos-containing materials and thus affect their chemical and physical charac-
teristics. These compounds are a group of dyes characterized by a high affinity for metals
and the ability to bind them [86,117–119]. These pigments are standard in many species,
e.g., fungi under stress conditions—either in the cell wall above the mannoprotein layer
or extracellularly [120]. Despite their heterogeneous chemical structure, they share some
common features. They have a negative charge, so they can bind metal ions by forming
ionic and charge-transfer complexes. They are also resistant to temperature and acids and
insoluble in most substances, including water and organic solvents [121,122]. In addition,
due to the presence of quinoid groups, melanins can deactivate free radicals and peroxides
and absorb electrophilic metabolites [123], which, likely, in part, enables fungi to colonize
substrates where asbestos fibers are present. Elevated concentrations of toxic elements can
induce or intensify the production of melanins, and their functional groups, e.g., carboxyl,
amine, hydroxyl (phenolic), quinone, and semiquinone [119,124], enable the association
(biosorption) of metals on the surface of microorganism cells. The various functional groups
present in such pigments can contribute differently to the sorption of metals, resulting
in many multiple non-equilibrium binding sites [124]. Some elements positively affect
the development of chlamydospores, which are structures whose primary function is to
survive unfavorable environmental conditions for an extended period. They have a high
capacity for the biosorption of elements [125]. Metal binding on fungal cell wall surfaces
is a passive phenomenon in living and dead cells. The process depends on the species’
ability to produce melanins or other similarly acting metabolites. Melanized cell walls
tend to be thick and multilayered and thus exhibit better binding capacity than thinner
cell walls. Other factors affecting metal binding efficiency include the concentration of
microorganisms, the radius of ions to be bound, and the pH of the environment [126].
Asbestos weathers more strongly in an acidic environment [108]. On the other hand, such a
reaction negatively affects ion binding in fungal cell walls [126].

Some common reactions were found to occur in fungi in contact with asbestos fibers.
Among these, the authors singled out pigment production, the intensity of which depended
on the species of microorganism. This compound may also be indirectly involved in the
mechanical degradation of minerals, including asbestos. With the progressive leaching
and binding of iron from the material’s structure, the surface’s porosity increases, allowing
water to penetrate deeper and maintain biochemical processes at greater depth [87,127].

6.2. Siderophores

Although asbestos minerals are highly durable, atmospheric factors strongly affect the
removal of elements from the mineral structure, determining changes in surface reactivity
and crystal structure while maintaining fibrous forms [92]. Removal of iron from asbestos
materials is possible, among other things, with the participation of microorganisms capable
of producing siderophores—low-molecular-weight compounds that chelate iron ions. These
are secondary metabolites (molecular weight < 1500 Da) produced by bacteria, fungi,
and grass plants that promote the absorption of this trace element. Low intracellular
concentrations of iron, linked to its bioavailability in the nutrient solution, induce their
production. Siderophores provide a competitive growth advantage under conditions
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where the total concentration of iron in the medium is saturated, but the proportion of the
bioavailable form is low [128]. These compounds contribute highly to the mobilization of
metals in the environment but also enable their detoxification, preventing the formation of
cellular oxidative stress [129]. In addition, they show greater efficiency in binding Fe(III) in
soil compared to low-molecular-weight organic acids [130].

In a study by Bhattacharya et al. [114], bacteria from the Bacillus subtilis and Bacillus at-
rophaeus species showed a 40–70% reduction in asbestos-containing iron, likely through the
production of siderophores. Biosynthesis of siderophores in bacteria occurs through nonri-
bosomal peptide synthetase (NRPS) enzymes, polyketide synthase (PKS) enzymes, and/or
NRPS-independent siderophore (NIS) synthetase enzymes [131]. A high capacity for scav-
enging iron from minerals through the release of chelating molecules, including but not
limited to siderophores and some organic acids, has also been demonstrated by soil fungi
of the Fusarium oxysporum species [132], as well as Aspergillus tubingenesis and Coemansia re-
versa [133], Aspergillus fumigatus, Cladosporium cladosporioides, Verticillium lecanii, Penicillium
chrysogenum, Trichoderma harzianum and Aerobasidium pullulans [134]. This activity modifies
the asbestos crystalline and chemical structure, reducing the reactivity of its fibers and even
their deactivation. Daghino et al. [132] report that chrysotile, crocidolite, and amosite do
not inhibit the growth of F. oxysporum soil fungi under laboratory conditions. According to
Daghino et al. [135], Verticillium leptobactrum fungi have a high ability to extract Fe from
chrysotile fibers but also effectively remove Mg and Si, which contributes to structural
changes and reduced durability of the mineral. In the above study, unlike F. oxysporum,
V. leptobactrum did not accumulate silicon released from the fibers. An essential role in the
degradation of chrysotile fibers is the dissolution of FeIII and probably AlIII. This process
leads to the labilization of Si layers, which may positively affect the rate of Si dissolution.
Siderophores show potential effectiveness in dissolving chrysotile in neutral soils. Weaker
biogenic ligands, e.g., oxalate, show low efficiency in degrading asbestos fibers because
they cannot induce Si labilization in this environment. It is worth noting that the rate of
weathering of asbestos minerals in the soil is highly dependent on the properties of the soil,
especially the pH—asbestos weathering is faster at acidic pH; materials made from asbestos
and cement weather much more slowly. Cement plays a significant role in changing the
kinetics of this process, which is explained by two phenomena—its presence increases
the pH of the soil solution, and there is also a precipitation of Al, which forms a shield
on the surface, so to speak, protecting the material from dissolution [108,110]. Mohanty
et al. [83] also point to the effectiveness of siderophores in the bioremediation of asbestos.
According to the authors, bacterial (Desferrioxamine B) and fungal (Iron-free Ferrichrome)
siderophores were equally effective in removing iron from chrysotile fibers. However, the
fungal counterpart was more effective in reducing reactive oxygen species, i.e., potentially
decreasing the material’s toxicity more efficiently. Desferrioxamine B is produced by the
bacteria Streptomyces pilosus [136], and its effectiveness in increasing the solubility of iron
contained in hornblende [130] and kaolinite [137] has already been described.

Bacteria of the genus Pseudomonas can use asbestos cement as a source of iron and
magnesium. The microorganisms can produce two types of siderophores—pyoverdine
(PVD), a group of green-fluorescent compounds, and pyochelin (PCH). PVDs are a group
of green-fluorescent compounds that are synthesized under iron-deficient conditions. They
consist of three parts: (i) a conserved fluorescent dihydroxyquinoline chromophore; (ii) an
acyl side chain (either dicarboxylic acid or amide) bound to the amino group of the chro-
mophore; and (iii) a variable peptide chain linked by an amide group bound to the C1
(rarely C3) carboxyl group of the chromophore, with the composition and length of the pep-
tide unique to specific strains. They are involved in the iron uptake system in fluorescent
pseudomonads [138–142]. PCH, along with enantio-pyochelin, due to their lower affinity
for Fe compared to PVD, is referred to as secondary siderophores in Pseudomonas. Both com-
pounds are condensation products of salicylate and two cysteine molecules, which undergo
cyclization when they combine and undergo some modifications. The only difference be-
tween them is the stereochemical configuration of the two incorporated cysteines [143,144].
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Both PVD and PCH participate in the dissolution of Fe from asbestos waste; the exclusion
of either significantly reduces the element removal from the material. In addition, bacterial
contact with the waste resulted in the repression of siderophore biosynthetic pathways,
indicating the presence of bioavailable iron [136,145]. Removal of Fe from other asbestos
materials by PVD has also proven effective, but the efficiency of the process depends on
the type of waste and PVD. For example, PVD with Pseudomonas mandelii is more efficient
in extracting Fe from chrysotile gypsum, while PVD with Pseudomonas fluorescens shows
greater efficiency for amosite gypsum [80]. Fe3+ is bound to PCH with a 2:1 stoichiometry
(PCH to Fe3+), where one PCH molecule is coordinated tetradentately with Fe3+ and the
other is bound bidentately to complete the hexacoordinate octahedral geometry [146–150].
PVD has a stronger affinity for Fe3+ and forms complexes with it in a 1:1 ratio [151–154].
PVD and PCH are more effective in extracting iron from asbestos fibers than EDTA and
the supernatants analyzed by the authors with the compounds mentioned above are more
effective than Pseudomonas bacteria. Contact of the bacteria with asbestos fibers provided
them with an iron source and resulted in the coating of the material with biofilm [155].

6.3. Phytosiderophores

Phytosiderophores are a group of chelating ligands produced by grass crops, e.g.,
wheat, barley, rye, oats, and corn. These plants are among the most popular cereals grown
worldwide due to their use in the production of food and feed products. These compounds
may also be important in the in situ degradation of asbestos due to their ability to mobilize
Fe and other metals [110]. Among the elements competing with Fe for complexation by the
ligand are Cu, Ni, Zn, Co, and Mn [107,156], i.e., elements that are macro- and micronu-
trients naturally occurring in the soil in relatively large quantities [157–159]. Microbial
and plant siderophores differ structurally—in siderophores produced by microorganisms,
hydroxamic and catechol ligand donors are present, while those produced by plants use
carboxyl, amino, and hydroxyl groups as iron ligands. Phytosiderophores include mug-
ineic acid, avenic acid, and distichonic acid, among others [160]. Plants find it easiest to
accumulate elements in the form of free ions, and iron contained in serpentinites is difficult
for them to access. Mugineic acids are synthesized in plant roots and secreted into the
rhizosphere. Afterward, the difficult-to-solubilize FeII is solubilized through chelation.
Next, the roots uptake the complexes, thus affecting the crop’s growth and quality. These
compounds provide sufficient iron, which is very poorly soluble at relatively high pH and
at high concentrations of Ca2+ and Mg2+ ions, hindering Fe uptake [161,162].

Phytosiderophore activity, combined with topsoil stabilization and minimization
of erosion by plants, which can reduce airborne asbestos exposure, seems a promising
direction for in situ asbestos disposal. Herbaceous plants of the species Cymbopogon citratus
and Chrysopogon zizanioides are successful in the phytoremediation of chromite-asbestos
mine waste. This type of waste is challenging for plants to colonize because of its low water-
holding capacity, relative homogeneity, low bulk density, sand texture and poor nutrient
content, and high chromium and nickel contents. Using plants demobilizes asbestos
fibers, makes it possible to inhibit soil erosion, and improves the environment’s aesthetic
value [163]. Effectiveness in phytoremediation of chromite-asbestos waste, manifested by
metal accumulation, is also demonstrated by a plant cover consisting of Cynodon dactylon,
Silene nutans, Acacia concinnia, and Cajanus cajan [164]. Mosses, also belonging to the plant
kingdom, significantly contribute to global biogeochemical cycles and can effectively reduce
the mobility of asbestos fibers. Asbestos fibers get caught up in the moss growing on the
covering. Moreover, the presence of mosses accelerates the weathering of the material; on
the other hand, mosses deposited on old roof surfaces can prevent the release of fibers, so
they should not be removed [165].

Phytostabilization may be a viable strategy for remediating asbestos-contaminated
sites, such as post-industrial sites, which are currently untreated due to the prohibitive cost
of other technologies. Among the advantages of this approach, the greening of abandoned
sites, the stabilization of topsoil, which reduces airborne dispersion of fibers, and the
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increase in soil fertility following the application of additives with high metal-binding
capacity are cited. On the other hand, although asbestos itself does not affect plant health,
insufficient nutrients or high levels of other contaminants can be harmful, so it is essential
to consider other soil parameters as well, and not just the contamination of the site with
asbestos or associated metals [5].

7. Conclusions

This article discusses the use of microorganisms and plants in asbestos detoxification.
We suggest focusing more attention on microbial metabolites and phytoremediation.

Biological processes are useful in asbestos detoxification and their effectiveness ranges
from 40% to nearly 100%. However, to obtain satisfactory results, their effect must be
multiplied, which can be achieved by combining the action of microbial metabolites with
other substances and factors. Of particular interest is oxalic acid, a widespread product
of microbial metabolism, mainly due to its easy availability, production, and low cost. In
addition, it is worth noting other low-molecular organic acids, including acetic, citric, lactic,
or malonic; and mineral acids, including hydrochloric, nitric, nitrous, sulfuric, carbonic,
and phosphoric. Despite the lower efficiency of biological processes, these approaches have
significant advantages over thermal, mechanical and chemical methods in terms of cost
(e.g., for providing energy for high-temperature or grinding processes, the cost of chemical
treatments associated with the need to use large quantities of hazardous substances, their
storage, treatment of the final product) and environmental impact. In view of the above,
the most optimal way to dispose of ACW therefore seems to be a combination of the use
of microbial metabolites and conventional methods, which would potentially reduce the
environmental impacts and process costs by reducing energy consumption for mechanical
and thermal processes/reagents for chemical processes, while obtaining safe, inactive
material. In turn, biological methods can be successfully used for NOA detoxification.
Further research in this area should focus primarily on creating combinations of biological
and conventional processes, optimizing them and defining their end products.
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79. Urbanek, A.K.; Rymowicz, W.; Mirończuk, A.M. Degradation of plastics and plastic-degrading bacteria in cold marine habitats.
Appl. Microbiol. Biotechnol. 2018, 102, 7669–7678. [CrossRef]

80. David, S.R.; Geoffroy, V.A. A review of asbestos bioweathering by siderophore-producing pseudomonas: A potential strategy of
bioremediation. Microorganisms 2020, 8, 1870. [CrossRef]

81. Wasserbauer, R.; Zadák, Z.; Novotný, J. Nitrifying bacteria on the asbestos-cement roofs of stable buildings. Int. Biodeterior. 1988,
24, 153–165. [CrossRef]

82. Borges, R.; Giroto, A.S.; Guimarães, G.G.F.; Reis, H.P.G.; Farinas, C.S.; Ribeiro, C. Asbestos cement waste treatment through
mechanochemical process with KH2PO4 for its utilization in soil pH correction and nutrient delivery. Environ. Sci. Pollut. Res.
2022, 29, 28804–28815. [CrossRef] [PubMed]

83. Mohanty, S.K.; Gonneau, C.; Salamatipour, A.; Pietrofesa, R.A.; Casper, B.; Christofidou-Solomidou, M.; Willenbring, J.K.
Siderophore-mediated iron removal from chrysotile: Implications for asbestos toxicity reduction and bioremediation. J. Hazard.
Mater. 2018, 341, 290–296. [CrossRef] [PubMed]

84. Tanaca, H.K.; Dias, C.M.R.; Gaylarde, C.C.; John, V.M.; Shirakawa, M.A. Discoloration and fungal growth on three fiber cement
formulations exposed in urban, rural and coastal zones. Build. Environ. 2011, 46, 324–330. [CrossRef]

85. Gadd, G.M.; Bahri-Esfahani, J.; Li, Q.; Rhee, Y.J.; Wei, Z.; Fomina, M.; Liang, X. Oxalate production by fungi: Significance in
geomycology, biodeterioration and bioremediation. Fungal Biol. Rev. 2014, 28, 36–55. [CrossRef]

86. Gadd, G.M. Mycotransformation of organic and inorganic substrates. Mycologist 2004, 18, 60–70. [CrossRef]
87. Martino, E.; Cerminara, S.; Prandi, L.; Fubini, B.; Perotto, S. Physical and biochemical interactions of soil fungi with asbestos

fibers. Environ. Toxicol. Chem. 2004, 23, 938–944. [CrossRef] [PubMed]
88. Martino, E.; Prandi, L.; Fenoglio, I.; Bonfante, P.; Perotto, S.; Fubini, B. Soil fungal hyphae bind and attack asbestos fibers. Angew.

Chem.-Int. Ed. 2003, 42, 219–222. [CrossRef]
89. Mandal, S.K.; Banerjee, P.C. Submerged production of oxalic acid from glucose by immobilized Aspergillus niger. Process Biochem.

2005, 40, 1605–1610. [CrossRef]
90. Pedersen, H.; Christensen, B.; Hjort, C.; Nielsen, J. Construction and characterization of an oxalic acid nonproducing strain of

Aspergillus niger. Metab. Eng. 2000, 2, 34–41. [CrossRef]

https://doi.org/10.1089/10928750050137543
https://doi.org/10.1016/S0304-3894(00)00244-2
https://www.ncbi.nlm.nih.gov/pubmed/10946129
https://doi.org/10.1016/j.minpro.2008.12.001
https://doi.org/10.1016/j.saa.2018.01.053
https://doi.org/10.1515/htmp.2011.056
https://doi.org/10.1179/1743676111Y.0000000020
https://doi.org/10.1016/j.jenvman.2022.115243
https://doi.org/10.3390/min8070274
https://doi.org/10.3390/coatings10121210
https://doi.org/10.1007/s11274-009-0268-z
https://doi.org/10.1080/15440478.2017.1325430
https://doi.org/10.3390/ijms22115610
https://doi.org/10.1007/s10924-018-1245-0
https://doi.org/10.1007/s00253-018-9195-y
https://doi.org/10.3390/microorganisms8121870
https://doi.org/10.1016/0265-3036(88)90045-0
https://doi.org/10.1007/s11356-021-17679-w
https://www.ncbi.nlm.nih.gov/pubmed/34988808
https://doi.org/10.1016/j.jhazmat.2017.07.033
https://www.ncbi.nlm.nih.gov/pubmed/28797944
https://doi.org/10.1016/j.buildenv.2010.07.025
https://doi.org/10.1016/j.fbr.2014.05.001
https://doi.org/10.1017/S0269915X04002022
https://doi.org/10.1897/03-266
https://www.ncbi.nlm.nih.gov/pubmed/15095889
https://doi.org/10.1002/anie.200390083
https://doi.org/10.1016/j.procbio.2004.06.013
https://doi.org/10.1006/mben.1999.0136


Materials 2024, 17, 1644 15 of 17

91. Strasser, H.; Burgstaller, W.; Schinner, F. High-yield production of oxalic acid for metal leaching processes by Aspergillus niger.
FEMS Microbiol. Lett. 1994, 119, 365–370. [CrossRef] [PubMed]

92. Favero-Longo, S.E.; Turci, F.; Tomatis, M.; Compagnoni, R.; Piervittori, R.; Fubini, B. The effect of weathering on ecopersistence,
reactivity, and potential toxicity of naturally occurring asbestos and asbestiform minerals. J. Toxicol. Environ. Health-Part A Curr.
Issues 2009, 72, 305–314. [CrossRef] [PubMed]

93. Valouma, A.; Verganelaki, A.; Tetoros, I.; Maravelaki-Kalaitzaki, P.; Gidarakos, E. Magnesium oxide production from chrysotile
asbestos detoxification with oxalic acid treatment. J. Hazard. Mater. 2017, 336, 93–100. [CrossRef] [PubMed]

94. Favero-Longo, S.E.; Girlanda, M.; Honegger, R.; Fubini, B.; Piervittori, R. Interactions of sterile-cultured lichen-forming as-
comycetes with asbestos fibres. Mycol. Res. 2007, 111, 473–481. [CrossRef] [PubMed]

95. Cassiola, F.; Santos, H.S.; Joekes, I. Saccharomyces cerevisiae entrapped in chrysotile increases life-span for up to 3 years. Colloids
Surf. B Biointerfaces 2003, 30, 283–289. [CrossRef]

96. Cassiola, F.; Rogers, R.A.; Kiyohara, P.K.; Joekes, I. Yeast cells long-term interaction with asbestos fibers. Colloids Surf. B
Biointerfaces 2005, 41, 277–283. [CrossRef] [PubMed]

97. Wendhausen, R.; Fregonesi, A.; Moran, P.J.S.; Joekes, I.; Rodrigues, J.A.R.; Tonella, E.; Althoff, K. Continuous fermentation of
sugar cane syrup using immobilized yeast cells. J. Biosci. Bioeng. 2001, 91, 48–52. [CrossRef] [PubMed]

98. Grover, M.; Ali, S.Z.; Sandhya, V.; Rasul, A.; Venkateswarlu, B. Role of microorganisms in adaptation of agriculture crops to
abiotic stresses. World J. Microbiol. Biotechnol. 2011, 27, 1231–1240. [CrossRef]

99. Poli, G.; Parola, M. Oxidative damage and fibrogenesis. Free Radic. Biol. Med. 1997, 22, 287–305. [CrossRef]
100. Pacella, A.; Fantauzzi, M.; Turci, F.; Cremisini, C.; Montereali, M.R.; Nardi, E.; Atzei, D.; Rossi, A.; Andreozzi, G.B. Surface

alteration mechanism and topochemistry of iron in tremolite asbestos: A step toward understanding the potential hazard of
amphibole asbestos. Chem. Geol. 2015, 405, 28–38. [CrossRef]

101. Pascolo, L.; Gianoncelli, A.; Kaulich, B.; Rizzardi, C.; Schneider, M.; Bottin, C.; Polentarutti, M.; Kiskinova, M.; Longoni, A.;
Melato, M. Synchrotron soft X-ray imaging and fluorescence microscopy reveal novel features of asbestos body morphology and
composition in human lung tissues. Part. Fibre Toxicol. 2011, 8, 7. [CrossRef] [PubMed]

102. Turci, F.; Tomatis, M.; Lesci, I.G.; Roveri, N.; Fubini, B. The iron-related molecular toxicity mechanism of synthetic asbestos
nanofibres: A model study for high-aspect-ratio nanoparticles. Chem.-Eur. J. 2011, 17, 350–358. [CrossRef]

103. Van Oss, C.J.; Naim, J.O.; Costanzo, P.M.; Giese, R.F.; Wu, W.; Sorling, A.F. Impact of different asbestos species and other mineral
particles on pulmonary pathogenesis. Clays Clay Miner. 1999, 47, 697–707. [CrossRef]

104. Andreozzi, G.B.; Pacella, A.; Corazzari, I.; Tomatis, M.; Turci, F. Surface reactivity of amphibole asbestos: A comparison between
crocidolite and tremolite. Sci. Rep. 2017, 7, 14696. [CrossRef]

105. Pacella, A.; Andreozzi, G.B.; Fournier, J.; Stievano, L.; Giantomassi, F.; Lucarini, G.; Rippo, M.R.; Pugnaloni, A. Iron topochemistry
and surface reactivity of amphibole asbestos: Relations with in vitro toxicity. Anal. Bioanal. Chem. 2012, 402, 871–881. [CrossRef]

106. Pacella, A.; Andreozzi, G.B.; Fournier, J. Detailed crystal chemistry and iron topochemistry of asbestos occurring in its natural
setting: A first step to understanding its chemical reactivity. Chem. Geol. 2010, 277, 197–206. [CrossRef]

107. Walter, M.; Oburger, E.; Schindlegger, Y.; Hann, S.; Puschenreiter, M.; Kraemer, S.M.; Schenkeveld, W.D.C. Retention of
phytosiderophores by the soil solid phase—Adsorption and desorption. Plant Soil 2016, 404, 85–97. [CrossRef] [PubMed]

108. Walter, M.; Geroldinger, G.; Gille, L.; Kraemer, S.M.; Schenkeveld, W.D.C. Soil-pH and cement influence the weathering kinetics
of chrysotile asbestos in soils and its hydroxyl radical yield. J. Hazard. Mater. 2022, 431, 128068. [CrossRef]

109. Shukla, A.; Gulumian, M.; Hei, T.K.; Kamp, D.; Rahman, Q.; Mossman, B.T. Multiple roles of oxidants in the pathogenesis of
asbestos-induced diseases. Free Radic. Biol. Med. 2003, 34, 1117–1129. [CrossRef]

110. Walter, M.; Schenkeveld, W.D.C.; Reissner, M.; Gille, L.; Kraemer, S.M. The Effect of pH and Biogenic Ligands on the Weathering
of Chrysotile Asbestos: The Pivotal Role of Tetrahedral Fe in Dissolution Kinetics and Radical Formation. Chem. Eur. J. 2019, 25,
3286–3300. [CrossRef]

111. Hippeli, S.; Elstner, E.F. Transition metal ion-catalysed oxygen activation during pathogenic processes. FEBS Lett. 1999, 443, 1–7.
[CrossRef] [PubMed]

112. Kotsiou, O.S.; Gourgoulianis, K.I.; Zarogiannis, S.G. The role of nitric oxide in pleural disease. Respir. Med. 2021, 179, 106350.
[CrossRef]

113. Park, S.H.; Aust, A.E. Participation of iron and nitric oxide in the mutagenicity of asbestos in hgprt-, gpt+ Chinese hamster V79
cells. Cancer Res. 1998, 58, 1144–1148.

114. Bhattacharya, S.; John, P.J.; Ledwani, L. Microbial siderophores an envisaged tool for asbestos bioremediation—A microcosm
approach. In Proceedings of the Materials Today: Proceedings; Elsevier: Amsterdam, The Netherlands, 2021; Volume 43,
pp. 3110–3116.

115. Foresti, E.; Fornero, E.; Lesci, I.G.; Rinaudo, C.; Zuccheri, T.; Roveri, N. Asbestos health hazard: A spectroscopic study of synthetic
geoinspired Fe-doped chrysotile. J. Hazard. Mater. 2009, 167, 1070–1079. [CrossRef] [PubMed]

116. Bhattacharya, S.; John, P.J.; Ledwani, L. Bacterial Weathering of Asbestos. Silicon 2015, 7, 419–431. [CrossRef]
117. Di Mauro, E.; Xu, R.; Soliveri, G.; Santato, C. Natural melanin pigments and their interfaces with metal ions and oxides: Emerging

concepts and technologies. MRS Commun. 2017, 7, 141–151. [CrossRef]
118. Fomina, M.; Gadd, G.M. Metal sorption by biomass of melanin-producing fungi grown in clay-containing medium. J. Chem.

Technol. Biotechnol. 2003, 78, 23–34. [CrossRef]

https://doi.org/10.1111/j.1574-6968.1994.tb06914.x
https://www.ncbi.nlm.nih.gov/pubmed/8050718
https://doi.org/10.1080/15287390802529864
https://www.ncbi.nlm.nih.gov/pubmed/19184746
https://doi.org/10.1016/j.jhazmat.2017.04.019
https://www.ncbi.nlm.nih.gov/pubmed/28477559
https://doi.org/10.1016/j.mycres.2007.01.013
https://www.ncbi.nlm.nih.gov/pubmed/17512715
https://doi.org/10.1016/S0927-7765(03)00099-7
https://doi.org/10.1016/j.colsurfb.2004.12.006
https://www.ncbi.nlm.nih.gov/pubmed/15748823
https://doi.org/10.1016/S1389-1723(01)80110-9
https://www.ncbi.nlm.nih.gov/pubmed/16232945
https://doi.org/10.1007/s11274-010-0572-7
https://doi.org/10.1016/S0891-5849(96)00327-9
https://doi.org/10.1016/j.chemgeo.2015.03.028
https://doi.org/10.1186/1743-8977-8-7
https://www.ncbi.nlm.nih.gov/pubmed/21299853
https://doi.org/10.1002/chem.201001893
https://doi.org/10.1346/CCMN.1999.0470603
https://doi.org/10.1038/s41598-017-14480-z
https://doi.org/10.1007/s00216-011-5525-y
https://doi.org/10.1016/j.chemgeo.2010.07.018
https://doi.org/10.1007/s11104-016-2800-x
https://www.ncbi.nlm.nih.gov/pubmed/27375302
https://doi.org/10.1016/j.jhazmat.2021.128068
https://doi.org/10.1016/S0891-5849(03)00060-1
https://doi.org/10.1002/chem.201804319
https://doi.org/10.1016/S0014-5793(98)01665-2
https://www.ncbi.nlm.nih.gov/pubmed/9928941
https://doi.org/10.1016/j.rmed.2021.106350
https://doi.org/10.1016/j.jhazmat.2009.01.103
https://www.ncbi.nlm.nih.gov/pubmed/19264404
https://doi.org/10.1007/s12633-014-9260-9
https://doi.org/10.1557/mrc.2017.33
https://doi.org/10.1002/jctb.736


Materials 2024, 17, 1644 16 of 17

119. Hong, L.; Simon, J.D. Current understanding of the binding sites, capacity, affinity, and biological significance of metals in
melanin. J. Phys. Chem. B 2007, 111, 7938–7947. [CrossRef] [PubMed]

120. Comensoli, L.; Bindschedler, S.; Junier, P.; Joseph, E. Iron and Fungal Physiology: A Review of Biotechnological Opportunities. In
Advances in Applied Microbiology; Academic Press: Cambridge, MA, USA, 2017; Volume 98, pp. 31–60.

121. Oh, J.J.; Kim, J.Y.; Kim, Y.J.; Kim, S.; Kim, G.H. Utilization of extracellular fungal melanin as an eco-friendly biosorbent for
treatment of metal-contaminated effluents. Chemosphere 2021, 272, 129884. [CrossRef]

122. Tran-Ly, A.N.; Ribera, J.; Schwarze, F.W.M.R.; Brunelli, M.; Fortunato, G. Fungal melanin-based electrospun membranes for heavy
metal detoxification of water. Sustain. Mater. Technol. 2020, 23, e00146. [CrossRef]

123. Gessler, N.N.; Egorova, A.S.; Belozerskaya, T.A. Melanin pigments of fungi under extreme environmental conditions (Review).
Appl. Biochem. Microbiol. 2014, 50, 105–113. [CrossRef]

124. Fogarty, R.V.; Tobin, J.M. Fungal melanins and their interactions with metals. Enzyme Microb. Technol. 1996, 19, 311–317. [CrossRef]
125. Gadd, G.M.; Rhee, Y.J.; Stephenson, K.; Wei, Z. Geomycology: Metals, actinides and biominerals. Environ. Microbiol. Rep. 2012, 4,

270–296. [CrossRef] [PubMed]
126. Sterflinger, K. Fungi as geologic agents. Geomicrobiol. J. 2000, 17, 97–124. [CrossRef]
127. Burford, E.P.; Fomina, M.; Gadd, G.M. Fungal involvement in bioweathering and biotransformation of rocks and minerals.

Mineral. Mag. 2003, 67, 1127–1155. [CrossRef]
128. Rai, V.; Fisher, N.; Duckworth, O.W.; Baars, O. Extraction and Detection of Structurally Diverse Siderophores in Soil. Front.

Microbiol. 2020, 11, 2165. [CrossRef]
129. Williamson, A.J.; Folens, K.; Matthijs, S.; Paz Cortes, Y.; Varia, J.; Du Laing, G.; Boon, N.; Hennebel, T. Selective metal extraction

by biologically produced siderophores during bioleaching from low-grade primary and secondary mineral resources. Miner. Eng.
2021, 163, 106774. [CrossRef]

130. Kalinowski, B.E.; Liermann, L.J.; Givens, S.; Brantley, S.L. Rates of bacteria-promoted solubilization of Fe from minerals: A review
of problems and approaches. Chem. Geol. 2000, 169, 357–370. [CrossRef]

131. Ronnebaum, T.A.; Lamb, A.L. Nonribosomal peptides for iron acquisition: Pyochelin biosynthesis as a case study. Curr. Opin.
Struct. Biol. 2018, 53, 1–11. [CrossRef]

132. Daghino, S.; Martino, E.; Fenoglio, I.; Tomatis, M.; Perotto, S.; Fubini, B. Inorganic materials and living organisms: Surface
modifications and fungal responses to various asbestos forms. Chem. A Eur. J. 2005, 11, 5611–5618. [CrossRef]

133. Bhattacharya, S.; John, P.J.; Ledwani, L. Fungal weathering of asbestos in semi arid regions of India. Ecotoxicol. Environ. Saf. 2016,
124, 186–192. [CrossRef] [PubMed]

134. Daghino, S.; Martino, E.; Vurro, E.; Tomatis, M.; Girlanda, M.; Fubini, B.; Perotto, S. Bioweathering of chrysotile by fungi isolated
in ophiolitic sites. FEMS Microbiol. Lett. 2008, 285, 242–249. [CrossRef] [PubMed]

135. Daghino, S.; Turci, F.; Tomatis, M.; Girlanda, M.; Fubini, B.; Perotto, S. Weathering of chrysotile asbestos by the serpentine
rock-inhabiting fungus Verticillium leptobactrum: Research article. FEMS Microbiol. Ecol. 2009, 69, 132–141. [CrossRef] [PubMed]

136. David, S.R.; Ihiawakrim, D.; Regis, R.; Geoffroy, V.A. Efficiency of pyoverdines in iron removal from flocking asbestos waste: An
innovative bacterial bioremediation strategy. J. Hazard. Mater. 2020, 394, 122532. [CrossRef] [PubMed]

137. Rosenberg, D.R.; Maurice, P.A. Siderophore adsorption to and dissolution of kaolinite at pH 3 to 7 and 22 ◦C. Geochim. Cosmochim.
Acta 2003, 67, 223–229. [CrossRef]

138. Hoegy, F.; Mislin, G.L.A.; Schalk, I.J. Pyoverdine and pyochelin measurements. In Pseudomonas Methods and Protocols. Methods in
Molecular Biology; Humana: New York, NY, USA, 2014; Volume 1149, pp. 293–301.

139. Ravel, J.; Cornelis, P. Genomics of pyoverdine-mediated iron uptake in pseudomonads. Trends Microbiol. 2003, 11, 195–200.
[CrossRef] [PubMed]

140. Schalk, I.J. Metal trafficking via siderophores in Gram-negative bacteria: Specificities and characteristics of the pyoverdine
pathway. J. Inorg. Biochem. 2008, 102, 1159–1169. [CrossRef]

141. Schalk, I.J.; Guillon, L. Pyoverdine biosynthesis and secretion in Pseudomonas aeruginosa: Implications for metal homeostasis.
Environ. Microbiol. 2013, 15, 1661–1673. [CrossRef] [PubMed]

142. Visca, P.; Imperi, F.; Lamont, I.L. Pyoverdine siderophores: From biogenesis to biosignificance. Trends Microbiol. 2007, 15, 22–30.
[CrossRef]

143. Youard, Z.A.; Wenner, N.; Reimmann, C. Iron acquisition with the natural siderophore enantiomers pyochelin and enantio-
pyochelin in Pseudomonas species. Biometals 2011, 24, 513–522. [CrossRef]

144. Youard, Z.A.; Mislin, G.L.A.; Majcherczyk, P.A.; Schalk, I.J.; Reimmann, C. Pseudomonas fluorescens CHA0 produces enantio-
pyochelin, the optical antipode of the Pseudomonas aeruginosa siderophore pyochelin. J. Biol. Chem. 2007, 282, 35546–35553.
[CrossRef] [PubMed]

145. David, S.R.; Jaouen, A.; Ihiawakrim, D.; Geoffroy, V.A. Biodeterioration of asbestos cement by siderophore-producing Pseudomonas.
J. Hazard. Mater. 2021, 403, 123699. [CrossRef] [PubMed]

146. Braud, A.; Hannauer, M.; Mislin, G.L.A.; Schalk, I.J. The Pseudomonas aeruginosa pyochelin-iron uptake pathway and its metal
specificity. J. Bacteriol. 2009, 191, 3517–3525. [CrossRef] [PubMed]

147. Brillet, K.; Reimmann, C.; Mislin, G.L.A.; Noël, S.; Rognan, D.; Schalk, I.J.; Cobessi, D. Pyochelin enantiomers and their outer-
membrane siderophore transporters in fluorescent pseudomonads: Structural bases for unique enantiospecific recognition. J. Am.
Chem. Soc. 2011, 133, 16503–16509. [CrossRef] [PubMed]

https://doi.org/10.1021/jp071439h
https://www.ncbi.nlm.nih.gov/pubmed/17580858
https://doi.org/10.1016/j.chemosphere.2021.129884
https://doi.org/10.1016/j.susmat.2019.e00146
https://doi.org/10.1134/S0003683814020094
https://doi.org/10.1016/0141-0229(96)00002-6
https://doi.org/10.1111/j.1758-2229.2011.00283.x
https://www.ncbi.nlm.nih.gov/pubmed/23760792
https://doi.org/10.1080/01490450050023791
https://doi.org/10.1180/0026461036760154
https://doi.org/10.3389/fmicb.2020.581508
https://doi.org/10.1016/j.mineng.2021.106774
https://doi.org/10.1016/S0009-2541(00)00214-X
https://doi.org/10.1016/j.sbi.2018.01.015
https://doi.org/10.1002/chem.200500046
https://doi.org/10.1016/j.ecoenv.2015.10.022
https://www.ncbi.nlm.nih.gov/pubmed/26520469
https://doi.org/10.1111/j.1574-6968.2008.01239.x
https://www.ncbi.nlm.nih.gov/pubmed/18616596
https://doi.org/10.1111/j.1574-6941.2009.00695.x
https://www.ncbi.nlm.nih.gov/pubmed/19453742
https://doi.org/10.1016/j.jhazmat.2020.122532
https://www.ncbi.nlm.nih.gov/pubmed/32200235
https://doi.org/10.1016/S0016-7037(02)01082-7
https://doi.org/10.1016/S0966-842X(03)00076-3
https://www.ncbi.nlm.nih.gov/pubmed/12781517
https://doi.org/10.1016/j.jinorgbio.2007.11.017
https://doi.org/10.1111/1462-2920.12013
https://www.ncbi.nlm.nih.gov/pubmed/23126435
https://doi.org/10.1016/j.tim.2006.11.004
https://doi.org/10.1007/s10534-010-9399-9
https://doi.org/10.1074/jbc.M707039200
https://www.ncbi.nlm.nih.gov/pubmed/17938167
https://doi.org/10.1016/j.jhazmat.2020.123699
https://www.ncbi.nlm.nih.gov/pubmed/32853889
https://doi.org/10.1128/JB.00010-09
https://www.ncbi.nlm.nih.gov/pubmed/19329644
https://doi.org/10.1021/ja205504z
https://www.ncbi.nlm.nih.gov/pubmed/21902256


Materials 2024, 17, 1644 17 of 17

148. Cunrath, O.; Gasser, V.; Hoegy, F.; Reimmann, C.; Guillon, L.; Schalk, I.J. A cell biological view of the siderophore pyochelin iron
uptake pathway in Pseudomonas aeruginosa. Environ. Microbiol. 2015, 17, 171–185. [CrossRef] [PubMed]

149. Hayen, H.; Volmer, D.A. Different iron-chelating properties of pyochelin diastereoisomers revealed by LC/MS. Anal. Bioanal.
Chem. 2006, 385, 606–611. [CrossRef] [PubMed]

150. Tseng, C.F.; Burger, A.; Mislin, G.L.A.; Schalk, I.J.; Yu, S.S.F.; Chan, S.I.; Abdallah, M.A. Bacterial siderophores: The solution
stoichiometry and coordination of the Fe(III) complexes of pyochelin and related compounds. J. Biol. Inorg. Chem. 2006, 11,
419–432. [CrossRef] [PubMed]

151. Kang, D.; Kirienkoa, D.R.; Webster, P.; Fisher, A.L.; Kirienko, N.V. Pyoverdine, a siderophore from Pseudomonas aeruginosa,
translocates into C. elegans, removes iron, and activates a distinct host response. Virulence 2018, 9, 804–817. [CrossRef] [PubMed]

152. Lurthy, T.; Cantat, C.; Jeudy, C.; Declerck, P.; Gallardo, K.; Barraud, C.; Leroy, F.; Ourry, A.; Lemanceau, P.; Salon, C.; et al. Impact
of Bacterial Siderophores on Iron Status and Ionome in Pea. Front. Plant Sci. 2020, 11, 730. [CrossRef]

153. Meyer, J.M.; Hornsperger, J.M. Role of pyoverdine(pf), the iron-binding fluorescent pigment of Pseudomonas fluorescens, in iron
transport. J. Gen. Microbiol. 1978, 107, 329–331. [CrossRef]

154. Parker, D.L.; Sposito, G.; Tebo, B.M. Manganese(III) binding to a pyoverdine siderophore produced by a manganese(II)-oxidizing
bacterium. Geochim. Cosmochim. Acta 2004, 68, 4809–4820. [CrossRef]

155. David, S.R.; Ihiawakrim, D.; Regis, R.; Geoffroy, V.A. Iron removal from raw asbestos by siderophores-producing Pseudomonas.
J. Hazard. Mater. 2020, 385, 121563. [CrossRef] [PubMed]

156. Schenkeveld, W.D.C.; Oburger, E.; Gruber, B.; Schindlegger, Y.; Hann, S.; Puschenreiter, M.; Kraemer, S.M. Metal mobilization
from soils by phytosiderophores—Experiment and equilibrium modeling. Plant Soil 2014, 383, 59–71. [CrossRef] [PubMed]

157. Kathpalia, R.; Bhatla, S.C. Plant Mineral Nutrition. In Plant Physiology, Development and Metabolism; Springer: Singapore, 2018;
pp. 37–81.

158. Nieder, R.; Benbi, D.K.; Reichl, F.X. Microelements and Their Role in Human Health. In Soil Components and Human Health;
Springer: Dordrecht, The Netherlands, 2018; pp. 317–374.

159. Török, A.I.; Moldovan, A.; Levei, E.A.; Cadar, O.; Tănăselia, C.; Moldovan, O.T. Assessment of lithium, macro-and microelements
in water, soil and plant samples from karst areas in Romania. Materials 2021, 14, 4002. [CrossRef]

160. Weinberg, E.D. Cellular iron metabolism in health and diseased. Drug Metab. Rev. 1990, 22, 531–579. [CrossRef] [PubMed]
161. Ma, J.F.; Nomoto, K. Effective regulation of iron acquisition in graminaceous plants. The role of mugineic acids as phy-

tosiderophores. Physiol. Plant. 1996, 97, 609–617. [CrossRef]
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