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Abstract

Asbestos fibers are highly toxic (Group 1 carcinogen) due to their high aspect ratio, durability, and 

the presence of iron. In nature, plants, fungi, and microorganisms release exudates, which can alter 

the physical and chemical properties of soil minerals including asbestos minerals. We examined 

whether exudates from bacteria and fungi at environmentally relevant concentrations can alter 

chrysotile, the most widely used asbestos mineral, and lower its toxicity. We monitored the release 

of iron from chrysotile in the presence of organic acid ligands and iron-specific siderophores 

derived from bacteria and fungi and measured any change in fiber toxicity toward peritoneal 

macrophages harvested from mice. Both fungal and bacterial siderophores increased the removal 

of iron from asbestos fibers. In contrast, organic acid ligands at environmentally relevant 

concentrations neither released iron from fibers nor helped in siderophore-mediated iron removal. 

Removal of plant-available or exchangeable iron did not diminish iron dissolution by both types of 

siderophores, which indicates that siderophores can effectively remove structural iron from 

chrysotile fibers. Removal of iron by siderophore lowered the fiber toxicity; fungal siderophore 

appears to be more effective than bacterial siderophore in lowering the toxicity. These results 

indicate that prolonged exposure to siderophores, not organic acids, in the soil environment 

decreases asbestos fiber toxicity and possibly lowers the health risks. Thus, bioremediation should 

be explored as a viable strategy to manage asbestos-contaminated sites such as Brownfield sites, 

which are currently left untreated despite dangers to surrounding communities.
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1. Introduction

Asbestos is a group of six naturally occurring fibrous minerals that belong to serpentine and 

amphibole mineral families. Among them, chrysotile, a serpentine mineral, has been mined 

in many places around the world and was most commonly used in many commercial 

products over the last century owing to its unique properties such as resistance to abrasion 

and fire [1]. However, exposure to asbestos fibers can cause serious health conditions such 

as asbestosis, and stomach and lung cancers [2–5]. Thus, asbestos use is banned in many 

developed countries, although many developing countries including China and India 

continue large-scale asbestos use [6]. In the U.S., nearly a thousand sites are either 

contaminated with asbestos-containing materials or naturally occurring asbestos minerals; 

many are Brownfield sites that are typically left untreated [5], despite imminent health risks 

to surrounding communities. As the recommended remediation method—soil capping—is 

cost prohibitive, the potential for alternative cost-effective remediation strategies, including 

bioremediation, has been explored [7–13]. However, the bioremediation mechanism and its 

feasibility in environmental relevant condition is lacking.

The primary goal of any remediation strategy is to minimize exposure by either removal or 

containment of the contaminants and/or their transformation to non-toxic byproducts. Active 

removal of fibers or reduction of their toxicity in soil becomes necessary because of their 

potential to contaminate nearby stream [14] and increase fiber exposure to community via 

irrigation of contaminated water [15]. The toxicity of asbestos fibers is typically attributed to 

its long aspect ratio [16], which makes it harder for macrophages to remove them from the 

lung [17]. As a defense mechanism, macrophages or other immune cells in lungs destroy or 

remove foreign materials, such as bacteria, particles or asbestos, by two mechanisms: 

phagocytosing or engulfing particles and production of reactive oxygen species (ROS). As 

asbestos fibers are often too large to be engulfed by macrophages and have high resistance to 

chemical attack, macrophages produce excessive ROS and cause inflammation and DNA 

damage [18–20]—a precursor for tumor development [21]. More recently, fiber surface 
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properties, such as iron content, are attributed to asbestos toxicity [22, 23]. Iron can be 

present as part of the mineral stoichiometry in amphibole or as an impurity in chrysotile 

[24]. In chrysotile, magnesium in the outer layer can be replaced by both ferrous and ferric 

iron whereas silicon in the inner silica layer can be replaced by ferric iron, although the 

greatest fraction of iron is found to be present in the outer layer [25]. Pascolo, et al. [22] 

showed that the presence of iron can increase oxidative stress in macrophages and increase 

the production of ROS. Using Fe-doped synthetic chrysotile fibers, Gazzano, et al. [26] 

showed that iron ions at specific sites in chrysotile can catalyze generation of ROS. Thus, 

removal of iron is considered a first-order mechanism to reduce the fiber toxicity [27, 28].

Iron is also an essential nutrient for all living organisms including plants, fungi, and bacteria. 

Because of its low solubility, iron is often limiting in the soil-water environment [29]. To 

solubilize iron from soil minerals and make it bioavailable, plant, fungi, and bacteria release 

exudates such as siderophores, which are high-affinity iron-chelating compounds or iron-

specific ligands, and organic acids, which are non-specific ligands [13, 30–33]. The same 

processes could also release iron from asbestos and potentially lower its toxicity. Numerous 

studies demonstrated that bacteria, lichen, and fungi can degrade asbestos [7–9, 11–13, 32, 

34, 35] and attributed the degradation to exudates such as organic acids and siderophores. 

These organic exudates and siderophores can bind ferric and ferrous iron although the 

exudates have a stronger affinity to ferric iron than ferrous iron [36]. Although numerous 

studies have examined the mechanism of iron removal from iron oxides by organic acids and 

siderophores [36–39], only one study [40] has examined iron dissolution from asbestos 

minerals, and it used exudates at unrealistically high concentrations, orders of magnitude 

higher than that expected in the soil environment [29]. The iron removal efficiency of 

exudates at environmentally relevant levels is unknown. More importantly, it is unclear if 

exposure to exudates can ultimately lower asbestos toxicity, as the toxicity of exudate-

treated asbestos fibers was rarely measured [40]. Thus, the feasibility of bioremediation of 

asbestos-contaminated sites using siderophores remains poorly understood.

We aimed to examine the removal of iron by exudates at environmentally relevant 

concentrations. To accomplish this, we exposed ground chrysotile fibers to three organic 

acid exudates, a fungal siderophore, and a bacterial siderophore. The treated and untreated 

fibers were exposed to peritoneal macrophages, the immune cells that play a critical role in 

asbestos-inflammation and ultimate tumor development, and the reactive oxygen species 

concentrations generated by the exposed macrophages compared. Our findings provide a 

better understanding of the mechanism by which iron is removed by exudates at 

environmentally relevant concentrations and help address the pertinent question: Is 

bioremediation of asbestos fiber feasible using a siderophore approach?

2. Experimental

2.1. Asbestos suspension preparation

Chrysotile ore (Glove, Arizona) was hammered to separate fibrous bundles from other rock 

impurities. The handpicked fiber bundles were ground in dry condition for 15 minutes in a 

high-energy vibratory ball mill (Model 8000, SPEX Industries, Inc.). The fiber was ground 

in dry conditions because we previously showed that wet-grinding (in water) can remove a 
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fraction of iron from chrysotile and reduce the fiber toxicity [41]. Using energy dispersive x-

ray spectroscopy (EDS) in conjunction with scanning electron microscopy [41], we 

measured the iron content of the chrysotile to be 2.3% by weight. This method measured the 

concentration of iron on fiber surface, which is most susceptible for dissolution via exudates. 

Chrysotile fibers typically contain brucite as an impurity, which increases the pH of the fiber 

suspension due to dissolution of OH− along with Mg2+. Although pure brucite and the 

brucite-like outer layer of chrysotile or other phyllosillicates have an identical chemical 

formula, that is Mg(OH)2, the magnesium atom in chrysotile shares an oxygen atom with 

silicon, which significantly decreases Mg2+ dissolution from chrysotile compared to that 

from brucite [42]. To examine the dissolution of chrysotile, we first removed brucite 

impurities from chrysotile mixture following the hydrothermal method outlined elsewhere 

[43]. Briefly, 4 g of dry fibers was mixed with 400 mL of concentrated NH4Cl (393 g/L) at 

110°C until it formed a slurry. The slurry was then washed with deionized (DI) water and 

centrifuged at least five times to separate purified fibers. Magnetite impurities were removed 

by using a magnetic stirrer and discarding solid residues that settled within 5 min in the 

suspension. The purified fibers were resuspended in 1 mM MOPS buffer and 10 mM NaCl 

to achieve an initial concentration between 250–300 mg/L. If needed, the pH was adjusted to 

the desired value by adding a small volume of concentrated (10 N) HCl or NaOH. Unless 

otherwise mentioned, the pH of fiber suspension was adjusted to 7.

2.2. Dissolution of iron from chrysotile fibers

A bacterial siderophore (Desferrioxamine B; DFO; Sigma-Aldrich) was spiked into 200 mL 

of fiber suspension (250–300 mg/L) in plastic amber bottles to achieve a final siderophore 

concentration of 1 or 10 µM. The suspension was mixed on a roller at 60 rpm for a 

maximum of 16 days, and 7 mL of suspension was extracted at different time intervals: 2h, 

4h, 8h, 1d, 2d, 4d, 8d, 12 d and 16 d. The suspension was filtered using 0.2 µm syringe 

filters (Nylon) and the solute was analyzed for iron concentration using inductively coupled 

plasma optical emission spectrometry (ICP-OES). This method measures total dissolved iron 

without distinguishing between ferrous and ferric iron.

To examine whether exposure to oxalic acid ligand—a common organic acid exudate—

would change siderophore-mediated iron dissolution, the experiment was repeated using 10 

µM DFO with or without oxalic acid (100 µM). Organic acid ligands could help dissolve 

magnesium and other coatings or impurities from asbestos fibers, thereby exposing more 

iron to be removed by siderophores [44]. To examine the effect of pre-exposure to organic 

acid ligands, fiber suspension was exposed to 100 µM of oxalic, malonic, or citric acid for 

48 h before exposure to 1 µM of DFO for the next 48 h. The results were compared with the 

suspension exposed to 1 µM of DFO and 100 µM of each organic acid for 96 h.

Because adsorption of siderophores on iron-containing minerals is a prerequisite for 

dissolution of iron [39], siderophores are more likely to remove irons from fiber surface, 

most of which are exchangeable or readily available for plant or microbial acquisition. Can 

siderophores access and dissolve structural iron after the removal of exchangeable iron? To 

examine whether removal of plant-available, exchangeable iron diminishes the ability of the 

siderophore to remove iron, fibers were first pretreated with diethylene triamine penta-acetic 
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acid (DTPA) solution for 24 h. The DTPA solution was prepared by mixing 0.005M DTPA, 

0.01M calcium chloride, and 0.1M triethanolamine and adjusting the pH to 7.3 with 12M 

HCl [45]. For control, fibers were treated with 0.01M calcium chloride, which represent 

fibers with plant-available iron. After 24 h of mixing at 60 rpm, the fiber suspension was 

centrifuged at 5000 rpm for 10 min to separate fibers from the supernatant. To remove 

residual DTPA solution, the fibers were washed in DI water and centrifuged to discard the 

supernatant; this step was repeated five times. The fibers with and without plant-available 

iron were exposed to 1 µM of DFO or a fungal siderophore (Iron-free Ferrichrome; FC; 

Sigma-Aldrich) for 14 d. 7 mL of suspension was pipetted out from each batch at different 

time intervals to analyze iron concentration in the water. The results were compared with 

those where plant available iron was not removed from fibers prior to their exposure to the 

siderophores. The dissolution experiment was conducted in duplicate batches.

2.3. Quantification of asbestos-induced ROS in elicited murine peritoneal macrophages

After siderophore treatment of fibers with and without plant available iron, the fibers were 

separated by centrifugation and stored in phosphate-buffered saline (PBS) solution for 

toxicity measurement. Fibers from duplicate batches per condition were mixed to create a 

composite sample. The fibers were isolated from suspension by centrifugation and washed 

in DI water before suspending in PBS solution to make the final fiber concentration 1 

µg/mL. We measured the fiber toxicity based on asbestos-induced ROS generated by 

peritoneal macrophages (MF) [46]. The details of this method were described in our 

previous study [41]. Briefly, the macrophages from mice were harvested from the 

peritoneum following elicitation using thioglycollate broth and exposed to asbestos fibers. 

Plated MF cells were kept in PBS solution with or without the selected ground fibers at a 

concentration of 20 µg/cm2, and the level of oxidative stress in the cells was estimated using 

a fluorogenic probe (CellROX® Green Reagent, Molecular Probes by Life Technologies, 

Eugene, Oregon, USA), which produces a green photostable fluorescent signal upon reaction 

with ROS. At 6 hours post-asbestos exposure, cells were stained with 5 µM CGR Reagent 

(and DAPI for fluorescent imaging) by adding the probe(s) to complete media and 

incubating at 37° C for 30 minutes. Cells were washed 3 times with PBS and the 

fluorescence intensity then measured using a SpectraMax® i3 Multi-Mode Microplate 

Detection Platform (Molecular Devices, Sunnyvale, CA, USA) using an excitation 

wavelength of 485 nm, with fluorescence emission detection at 520 nm. Data are presented 

as mean ± standard error of the mean. Fluorescence microscopy was also performed on 

stained cells and images were captured on an Eclipse TE2000-U microscope (Nikon, Japan) 

equipped with a digital camera (Retiga 2000R, QImaging, Surrey, BC, Canada) using 20× 

magnification.

2.4. Statistical analysis

Differences of ROS levels due to exposure to CaCl2/DTPA and siderophore treatments were 

determined using a two-way ANOVA (R v3.3.3) followed by a Tukey post-hoc analysis. 

Asterisks shown in figures indicate significant differences between groups (* = p<0.05).
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3. Results

3.1. Dissolution of iron from chrysotile by DFO

DFO released iron from fibers into the solution, and the iron concentration increased with an 

increase in the concentration of DFO from 1 µM to 10 µM (Figure 1). Upon exposure to 1 

µM DFO, iron was released from fibers within 24 h, and any further exposure time did not 

change the concentration of iron in the solution, suggesting dissolution equilibrium was 

achieved within 24 h. However, when the concentration of DFO was increased to 10 µM, 

equilibrium was delayed to at least 120 h. The amount of iron released per gram of fiber per 

µM exposure to DFO did not proportionally increase when the concentration of DFO was 

increased 10 times.

In contrast to DFO, oxalic acid (100 µM) had no effect on iron release (Figure 1). The 

concentration of iron in the suspension with 100 µM of oxalic acid was below the analytical 

detection limit (1 µg/L). The amount of iron released by 10 µM DFO was similar to the 

amount of iron released by 10 µM DFO plus 100 µM of oxalic acid, indicating oxalic acid 

presence did not have any significant effect on the siderophore-mediated iron release.

3.2. Effect of pre-exposure to organic acid exudates on siderophore-mediated iron release

The presence of oxalic acid and malonic acid (100 µM) appears to have no effect on 

siderophore-mediated iron release from asbestos fibers (Figure 2). In contrast, citric acid 

increased the concentration of iron released with exposure to 1 µM DFO. Similarly, pre-

exposure to organic acid exudates did not change the amount of iron released with 1 µM of 

DFO, suggesting the limiting factor for iron release from asbestos is the presence of 

siderophore, not organic acids.

3.3. Comparison of iron release by bacterial and fungal siderophore

The fungal and bacterial siderophores released similar amounts of iron from chrysotile 

fibers: 17±2 µM of Fe per g of fiber per µM of siderophore (Figure 3). Removal of plant-

available iron did not diminish the ability of either siderophore to remove iron from the 

fibers. Without a siderophore, dissolved iron concentrations in the samples containing fibers 

with plant-available iron were below the detection limit, but iron concentrations in the 

samples with DTPA-treated fibers were above the detection limit, which indicates that the 

adsorbed DTPA could have contributed to a small amount of iron being released. 

Nevertheless, the concentration of iron released by either siderophore was well above 

(nearly 10 times) the concentration of iron in the control treatment for the DTPA-treated 

fibers. Therefore, the two siderophores (DFO and FC) were apparently equally effective in 

releasing iron from fibers despite pre-removal of plant-available iron from fibers.

3.4. Effect of treatments on the fiber-induced ROS generation

To assess the toxicity of fibers treated by DTPA and/or both types of siderophores, we 

determined levels of asbestos-induced ROS in elicited murine peritoneal macrophages at 6 

hours after asbestos exposure. In control samples without a siderophore, the DTPA-

treatment, which removes plant-available iron, lowered the generation of ROS significantly 

(p<0.05) (Figure 4). For the fibers with plant-available iron, treatment by either siderophore 
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reduced ROS generation compared to control. However, for the fibers without plant-

available iron (DTPA-treated fibers), the fungal siderophore (FC), but not the bacterial 

siderophore (DFO), significantly lowered ROS generation compared to the control (Figure 

4).

4. Discussion

4.1. Siderophores remove iron from asbestos fibers

Our studies confirmed that when used at environmentally relevant concentrations (1–10 

µM), both the fungal (FC) and bacterial (DFO) siderophores successfully removed 

substantial amounts of iron from chrysotile. Increasing DFO concentrations did not increase 

the release iron proportionally, which indicates that the dissolution is limited by available 

iron. Chrysotile [Mg3Si2O5(OH)4] typically contains 1–6% iron, where iron isomorphously 

replaces magnesium or silicon in outer Mg-hydroxide octahedral or inner silica tetrahedral, 

respectively [47]. Thus, the efficiency of siderophore-mediated removal would depend on 

the amount of iron accessible to the siderophore, particularly in the outer layer. Studies 

examining siderophore-mediated iron removal from chrysotile are lacking, although many 

studies have examined the mechanism by which siderophores remove iron from other iron-

containing minerals [38–40, 48–50]. Based on these studies, high affinity of siderophore for 

iron binding sites or adsorption of siderophore is a prerequisite for iron dissolution [39]. At 

low concentrations, most of those adsorbed on asbestos fibers could effectively remove iron 

from the surface. Increasing the siderophore concentration would increase surface coverage 

(if asbestos surface area is not limiting) and increase the iron concentration.

The fact that the time to reach iron dissolution equilibrium increased with the concentration 

of DFO may relate to how iron is bound within the chrysotile fiber. Iron present in the 

brucite-like outer layer could be readily released by DFO, whereas iron present in the silica 

tetrahedra could be slow to release. At low concentrations of DFO, most of the iron was 

released from surface sites. With increases in concentration of DFO, dissolution could have 

occurred from octahedral sites due to exhaustion of surface sites. Dissolution of iron by both 

types of siderophore even after the removal of plant-available iron (or exchangeable sites) 

confirmed this hypothesis. DTPA has been used to remove exchangeable ions from soil 

minerals. Treating chrysotile fibers with DTPA removed a small amount of iron (plant-

available) from surface sites, but the removal of plant-available iron did not affect the ability 

of the siderophore to further remove iron from fibers. Iron released after DTPA treatment is 

attributed to dissolution of iron from the crystal structure of chrysotile. Overall, our results 

show that siderophore can access and remove iron from chrysotile’s structure.

4.2. Organic acid exposure had no effect on siderophore-mediated iron release

The short-chain organic acids that plants and fungi typically release to acquire elements in a 

nutrient-depleted environment play a critical role in cycling of nutrients including iron. Our 

results show that oxalic, malonic, and citric acid at 100 µM concentrations did not remove 

iron from chrysotile, suggesting that these organic acids have a limited role in removing iron 

from asbestos in environment. This result is in contrast to the finding of previous studies that 

examined the dissolution of chrysotile in the presence of organic acids [44, 51]. The 

Mohanty et al. Page 7

J Hazard Mater. Author manuscript; available in PMC 2019 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



discrepancy is likely attributable to a difference in concentration of oxalic acid and pH of the 

solution. Both of the previous studies [44, 51] used oxalic acid at concentrations three orders 

of magnitude higher than what was used in our study. Furthermore, the pH of the solution in 

their studies was lower than the neutral pH used in our study. Solubility of iron increases 

with a decrease in pH. Furthermore, at pH 1, which was used in the previous study [51], the 

structure of chrysotile is not stable and deteriorates quickly, thereby releasing iron or any 

other impurity [52]. The pH of asbestos serpentine soil is typically above pH 7 due to the 

dissolution of the brucite-like outer layer [53]. At high pH, the dissolution of elements from 

chrysotile fibers is expected to be low and slower in the presence of organic acids. Thus, the 

contribution of organic acid exudates toward iron removal could be limited in the natural 

environment, although organic acids at high concentration can be effective in breaking down 

and detoxifying chrysotile fibers [54].

Although organic acids have a limited role in directly dissolving iron from asbestos 

minerals, they can increase the dissolution of other elements including Mg or remove other 

impurities to make iron-containing sites more accessible for siderophore-mediated 

dissolution [44]. Our results showed that pre-exposure to the three organic acids did not 

remove any more iron by DFO than the iron released when both organic acid and DFO were 

spiked simultaneously. As chrysotile was purified before use in this experiment, any possible 

coating that may hinder siderophore-mediated iron dissolution was already removed. Thus, 

future studies should use chrysotile fibers isolated from the environmental matrix and 

examine the effect of organic acids on siderophore-mediated iron removal.

The particular nature of the organic-acid exudates appears to be important in determining 

their effect on iron acquisition by fungi or microbes. This statement is based on there being 

no difference in iron release when DFO was used with or without oxalic or malonic acid 

while citric acid appears to enhance the siderophore-mediated iron dissolution. Organic 

acids cannot compete with DFO to release iron because the stability constant of DFO is 

orders of magnitude (>1020) higher than the stability constant of organic acids. However, 

organic acids can dissolve magnesium from the brucite-like outer layer [44], thereby 

exposing any iron present in the outer layer. Among the three organic acids used, citric acid 

has a higher stability constant for magnesium. It is possible that citric acid dissolves more 

magnesium from the outer octahedral layer, exposing more iron for siderophore-mediate 

dissolution.

4.3. Siderophore treatment can reduce the toxicity of asbestos fibers

Removal of iron from chrysotile fibers by siderophores lowered the amount of reactive 

oxygen species generated by macrophages during exposure to fibers. This result indicates 

that a reduction in iron content will decrease the likelihood of inflammation in lungs when 

asbestos exposure occurs. This result confirms the finding from previous studies that 

correlated a decrease in toxicity of chrysotile fibers with decrease in iron content [40]. It 

should be noted that toxicity of fibers is due both to their physical properties—aspect ratio, 

rigidity—and chemical properties—iron content. Thus, although siderophores can lower the 

toxicity of fibers, they may not eliminate the risk completely. Nevertheless, removal of iron 
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by siderophores can form the basis of low-cost bioremediation strategies that can lower the 

risk from chronic exposure to toxic fibers in contaminated sites.

5. Conclusions

We examined the removal of iron from chrysotile fibers in the presence of one fungal and 

one bacterial siderophore with or without three commonly found organic-acid exudates and 

measured the fiber toxicity toward peritoneal macrophages before and after the treatment. 

Our results show that bioremediation of asbestos fibers is feasible. More specifically, we 

conclude:

• At natural concentration levels, siderophore can remove iron from chrysotile 

fibers. The fungal and bacterial siderophores were equally effective.

• Removal of plant-available iron did not lower siderophore-mediated iron 

removal, which indicates that siderophore can also remove iron from crystal 

structure.

• Organic acid exudates at environmentally relevant concentration did not remove 

iron from chrysotile fibers.

• Reactive oxygen species generated by macrophages upon exposure to asbestos 

fibers decreased when fibers were pre-treated with a siderophore.

• The fungal siderophore was more effective than the bacterial siderophore in 

reducing reactive oxygen species and thus, the toxicity of chrysotile.
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Highlights

• Fungal and bacterial siderophore removed iron from chrysotile fibers.

• Organic-acid exudates were ineffective in removing iron.

• Siderophore could remove exchangeable and structural iron.

• Siderophore-mediated iron removal lowered fiber toxicity.

• Results suggest that bioremediation of asbestos fibers is feasible.
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Figure 1. 
Dissolution of iron from chrysotile fibers by DFO, with or without oxalic acid, at 

environmentally relevant concentrations
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Figure 2. 
Effect of organic acid exudates on siderophore-mediated iron release from chrysotile fibers. 

Pre-exposure to oxalic (a), citric (b), and malonic (c) acid released similar amounts of iron 

by siderophore as when fibers were exposed to siderophore and respective organic acid 

simultaneously. The open triangles represent the concentration of iron released by DFO from 

fibers that were pre-exposed to specific organic acid for 48h. Error bar indicates one 

standard deviation over mean from triplicate batch.
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Figure 3. 
Removal of iron by the bacterial (DFO) and fungal (FC) siderophore from fiber (a) with 

plant-available iron (CaCl2-treated) or (b) without plant-available iron (DTPA-treated). Each 

treatment was carried out in duplicate batches.
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Figure 4. 
Amount of ROS generated by macrophages as measured by relative fluorescent units 

exposed to two types of fibers, with or without plant-available iron, following the treatment 

without the bacterial (DFO) or fungal (FC) siderophore. Groups without significant different 

ROS level were indicated by a, b, and c.
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