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A B S T R A C T

Asbestos fiber exposure triggers chronic inflammation and cancer. Asbestos fibers can adsorb 
different types of proteins. The mechanism of this adsorption, not yet completely understood, has 
been studied in detail mainly with serum albumin and was shown to induce structural changes in 
the bound protein. The findings of these works regarded mainly the changes of the protein 
structure, independently of any relation with asbestos-related diseases. For the first time, we have 
focused our attention to the consequences of the interaction between asbestos fibers and ferritin, a 
protein involved in iron metabolism, which is strongly modified in asbestos-related diseases. Even 
if it is known that ferritin can be adsorbed by asbestos fibers, the results of this interaction for the 
ferritin secondary structure has not previously been studied. One consequence of asbestos-ferritin 
interaction, is the formation of the so-called ferruginous/asbestos bodies (ABs). In the AB-coating 
material, the secondary structure of ferritin is modified, and at present, it is unclear whether or 
not this modification is a direct consequence of the asbestos interaction. In the present study, 
chrysotile asbestos, more than other asbestos fiber types tested, was found to rapidly bind holo- 
ferritin, and the presence of iron seemed to play a key role in this process, since iron-free apo- 
ferritin was adsorbed at a lower level, and iron-saturated chrysotile lost its ferritin-adsorbing 
capacity. To directly study the details of ferritin adsorption on asbestos fibers, High Resolution 
Transmission Electron Microscopy (HR-TEM) was employed together with FTIR micro
spectroscopy and Infrared nanoscopy, which to the best of our knowledge, have not previously 
been used for this purpose. Chrysotile-bound apo-ferritin underwent a significant change in 
secondary structure, showing a shift from a prevalent α-helix to a β-sheet conformation. 
Conversely, the adsorbed holo-ferritin structure appeared to be only weakly modified. These 
findings add a new potential mechanism to the toxic activities of asbestos: the fibers can modify 
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the structure, and very likely, the function of adsorbed proteins. This, in relation to ferritin, could 
be a key mechanism in cell iron homeostasis alteration, typically reported in asbestos-related 
diseases.

1. Introduction

Asbestos fiber exposure triggers chronic inflammation of the lungs, known as asbestosis, and tumor development. While the chronic 
inflammation soon follows the cytotoxic effect of the fibers, the neoplastic transformation, which shows a long-lasting latency time [1], 
also requires genetic mutations and growth advantage [2]. Two of the major malignant diseases associated with asbestos exposure are 
malignant pleural mesothelioma (MPM) and lung cancer (LC) [3–5]. Even though the exact mechanisms responsible for the lung and 
pleural cell injury, as well as those involved in the development of the related diseases, are still largely unclear, they seem to be 
dependent on Reactive Oxygen Species (ROS) production [6–8]. In this context, the iron content of the fibers could be a key factor in 
determining their toxicity, due to its known capacity to trigger the production of ROS [8,9]. However, numerous other factors may 
contribute to asbestos toxicity, such as direct cell membrane piercing or the capacity to adsorb different proteins and thereby affect 
their function [10–15].

The commercial term “asbestos” refers to some fibrous mineral silicates, divided into two groups: the serpentine, including 
chrysotile (Chry), and amphiboles, including among others, amosite (Amo) and crocidolite (Croc) [16,17]. It has been reported that 
each type of fiber adsorbs a different profile of proteins, suggesting specific adsorption mechanisms [18–20]. Moreover, alterations of 
both structure and function of the adsorbed protein are suggested to be a possible consequence of these interactions [10,19–25]. In line 
with this concept, some mastocyte and leukocyte granule components, such as chymase and eosinophil peroxidase, improve their 
enzymatic activity after binding Croc [10].

A well-known example of protein-asbestos fiber interaction is provided by asbestos bodies formation (ABs), also known as ferru
ginous/asbestos bodies. These peculiar structures are usually made of an asbestos fiber, either amphiboles or serpentine, coated with 
mucopolysaccharides and iron-containing proteins [26,27]. Their count is one of the tools to assess the degree of asbestos fiber 
exposure for legal actions [28,29]. The fiber coating has been suggested to represent a protective mechanism, initiated by macro
phages, in an attempt to segregate the cytotoxic fibers from the biological tissues [30]. More recently, our group and other authors 
[30–33], have suggested that the coating material itself could maintain, and even enhance, the cytotoxic and pro-inflammatory 
properties of asbestos by favoring the generation of ROS and stimulating inflammatory cells. Indeed, the surface iron of ABs was 
found to be catalytically active [34,35]. Naturally-occurring compounds such as citrate, ascorbate and adenosine diphosphate (ADP) 
can promote ferrous iron mobilization at physiological concentrations from Amo and Croc [36], ferric iron can be released from Amo at 
acidic pH [37] and surface ferric iron can be released from Chry [38]. Shen and colleagues [39] also showed that Croc and Amo can 
adsorb ferric iron at slightly alkaline or acidic pH. This evidence altogether supports the idea that asbestos fibers can either adsorb or 
release iron depending on their chemical structure and surrounding conditions.

The presence of ferritin in the AB coating material has been convincingly reported [33,40] together with a misfolded secondary 
structure of the protein [41]. Once the asbestos fibers reach the cell interior, either by direct membrane piercing or by phagocytic 
ingestion [10–15], they, under favorable conditions, could affect iron homeostasis by adsorbing ferritin, and releasing/adsorbing iron 
ions [21,25,41–43], and also by exerting ferrous iron oxidizing activity [44]. Through a still unknown mechanism, the cells could 
eventually respond to asbestos exposure triggering a significant new ferritin synthesis [45,46], which suggests an imbalance between 
ferritin availability and free iron. In line with this idea, an overload of iron and ferritin, has been found in respiratory cells exposed to 
asbestos, despite an increased expression of the divalent metal transporter-1 (DMT1). This evidence has been confirmed in in vitro and 
animal model studies, as well as in tissues derived from exposed patients [47–50]. This complex scenario, which suggests a functional 
iron deficiency in the presence of iron overload, is the result of excess iron being sequestered and thus no longer available, that 
paradoxically leads the cell to seek for it. Eventually, the fiber inside the cells may undergo AB formation, following ferritin 
sequestration, from which the release of iron could be irreversibly impaired. Altogether, this evidence strongly links asbestos path
ogenicity to alteration of iron homeostasis. It also suggests that the interaction of the fibers with ferritin may allow a long-lasting 
ROS-mediated cytotoxic activity through iron overload and AB activity [33]. To these events, a chronic inflammatory reaction, a 
good favorable ground for genetic mutations, can ensue.

Here, the possible structural modification directly induced by interaction of ferritin with asbestos fibers was investigated, taking 
advantage of an in vitro AB model, where the pure protein interacts with the fibers under conditions that mimic the intracellular milieu 
(e.g. cytosol and phagosome). The adsorption and structural modifications of the iron-loaded ferritin (holo-ferritin, HoloF) and its iron- 
free form (apo-ferritin, ApoF) upon asbestos fiber interaction, were investigated by the synergic interplay of ultraviolet (UV) spec
troscopy, Fourier transform infrared (FTIR), high resolutiom transmission electron microspectroscopy (HR-TEM) and infrared 
nanoscopy.

The obtained results suggest a novel asbestos fiber activity, capable in principle, of affecting the iron homeostatic mechanisms of 
exposed cells.
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2. Materials and methods

2.1. Reagents

Pure proteins and chemicals: holo-ferritin (HoloF) and apo-ferritin (ApoF) from horse spleen, tris (hydroxymethyl) amino methane 
(TRIS), PBS, KCl, NaCl and NaOH were purchased from Sigma-Aldrich.

Fibers: Analytical Standard UICC samples of Crocidolite, Amosite and Chrysotile were purchased from SPI-CHEM, West Chester, PA, 
USA. The reference batches of the standard samples were: crocidolite (Croc) South Africa (CAS 02704-AB); chrysotile (Chry) A 
Rhodesian, (CAS 02701-AB) and amosite (Amo) (CAS 02703-AB). Standard fibers used in this project spanned from 0.5 to 100 μm in 
length and from 0.1 to 1.2 μm in width [51]. Dry asbestos fibers were handled in a hood Multihazard Glovebox to prevent inhalation at 
Azienda Sanitaria Universitaria Giuliano-Isontina (ASUGI). For the following experiments, asbestos fibers were first re-suspended by a 
qualified operator in phosphate buffered saline (PBS) at a final concentration of 10 mg/mL, and stored at 4 ◦C until use (mother 
solution). Before each experiment, the mother solution was left to sediment for 2 min before taking a definite aliquot for the following 
experimental steps, to avoid large fiber aggregates.

2.1.1. Fiber saturation with iron (III)
2 mg/mL of Chry fibers were saturated with Fe2(SO4)3 1 mM in TRIS buffer 20 mM pH 7.0 at room temperature (RT) for 2 h under 

continuous mixing in a wheel. After the incubation, the Chry suspension was centrifuged at 10,000 rpm for 10 min to separate the 
pellet and the supernatant. After three washings in 0.9 % NaCl, the pellet appeared yellow (See Fig. 1S suggesting iron enrichment). 
The iron-rich fibers were resuspended, at the same concentration, in 0.9 % NaCl and the amount of Fe3+ adsorbed was calculated 
following the method described in Zangari et al. [44]; it was ~2.5 nmoles of Fe3+per μg of Chry.

2.1.2. Incubation protocols for the preparation of protein-fiber adducts
For the preparation of the protein-fiber adducts, ferritins HoloF and ApoF, were incubated with asbestos fibers following the 

protocol developed by Valerio et al [18], adapted to our specific system, described as follows: after incubation for a fixed time, ac
cording to Protocol 1 or 2 as specified in the following, the suspension was centrifuged at 10,000 rpm for 10 min in an Eppendorf 
microcentrifuge. The pellets, made of proteins, which interact with fibers resulting in adducts assembling, were resuspended in 0.9 % 
NaCl and stored at 4 ◦C. The supernatants, composed mainly of proteins that did not interact with fibers and not-pelleted smaller fibers, 
were picked up and stored at 4 ◦C. The protein-fiber adducts were prepared at pH 5.0 and pH 7.0 in order to mimic the cell envi
ronments encountered after fiber inhalation and cell ingestion [52]. Two types of incubation protocols were followed, as follows:

Protocol 1: pure HoloF and ApoF were incubated with 1 mg of Chry fibers at RT in TRIS buffer 20 mM (pH 7.0) or acetate buffer 20 
mM (pH 5.0), in a final volume of 1 mL at different concentrations (from 200 μg/mL to 1000 μg/mL) for 5, 10, 30, 60 and 120 min 
under continuous mixing in the wheel at RT to avoid fiber precipitation. The final concentrations considered, expressed in weight ratio 
(w:w), relative to concentration of the fiber (1 mg/mL), were: 0.2, 0.4, 0.6, 0.8, 1. The same protocol was used for ferritin-fiber adduct 
formation with Amo and Croc, with the sole exception that just a single weight fraction, 0.4 w:w, and a fix time, 120 min, was used. The 
aforementioned ferritin-fiber adducts were used for dose calibration, time and fiber specificity analysis and also for the preparation of 
the samples for infrared nanoscopy measurements. The extent of ferritin absorption onto fibers was evaluated by electrophoresis 
(Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis SDS-PAGE) and by UV spectrophotometry (PerkinElmer lambda 25). For 
SDS-PAGE, the pellets were washed twice in 0.9 % NaCl and the bound proteins were extracted by boiling for 15 min in 0.4 mL of NaOH 
0.3 M, SDS 1 % and analyzed.

The concentration of ferritin solutions was determined by spectrophotometric analysis, by recording UV spectra at 280 nm against a 
blank buffer solution. The measurements were performed using a 1 cm quartz cell. The amount of adsorbed protein was calculated as 
the difference between the concentrations of the initial solution and that of the supernatant (tenfold diluted) after solid separation. The 
calibration curves are plotted in Fig. 2S. The figure shows that at the two different pHs used, in the range of concentrations employed 
(5–80 μg/mL), the increase of absorbance was linear with increasing protein concentration. This allowed us to calculate the amount of 
ferritin sequestered by the fibers on the basis of the optical density (OD) decrease in the remaining supernatant following fiber-protein 
complexes centrifugation.

Protocol 2: the incubation of pure ApoF and HoloF with Chry at a weight ratio of 0.4 w:w was performed in four different solutions, 
1–2: in a KCl:KOH solution 68 mM, pH 5.0 (phagosome late) and pH 7.0 (phagosome early), mimicking the phagosome environment 
[53,54] and 3: in a KCl:KOH solution 120 mM pH 5.0 and 7.0, for mimicking the cytosolic environment [52,53] and 4: in a KCl:KOH 
solution 120 mM pH 5.0, that does not represent a physiological relevant environment, while it allowed us to better discriminate the 
effect of pH and salinity on protein adsorption. The incubation was performed at three fixed times: 2 h, 48 h and 1 week. The incu
bation temperature was set to 37 ◦C and the incubation was performed under mixing (Thermomixer Comfort Eppendorf) at 800 rpm to 
avoid fiber precipitation. The aforementioned Ferritin:Fiber adducts were used for protein secondary structure analysis by FTIR 
microspectroscopy and for HR-TEM imaging.

2.1.3. Fourier transform infrared microspectroscopy (Micro-FTIR): data acquisition and analysis
The Ferritin-Chry adducts were prepared according to Protocol 2. Measurements were performed on Ferritin-Chry adducts 

resuspended in 0.9 % NaCl and cytocentrifuged on the CaF2 window. Briefly, 250 μL of Ferritin-Chry adducts solutions were dropped in 
a funnel for cytocentrifuge and they were cytocentrifuged for 10 min in Cytospin 2 (Shandon Inc) at 500 rpm on CaF2 slides, 0.5 mm 
thick and with a diameter of 10 mm. To match the cytospin standard sample holder, a custom-made silicon support was used to mount 
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CaF2 slides on a conventional microscopic slide. The compact layer of Ferritin-Chry adducts obtained through cytocentrifugation 
guaranteed the non-volatility of the fibers and excellent spectral quality. IR adsorption micro-spectra were measured at SISSI-Bio 
infrared beamline of Elettra Sincrotrone Trieste [55]. Micro-FTIR was performed with the in-vacuum Vertex70v interferometer 
coupled to the Hyperion 3000 microscope. A conventional thermal source (Globar) and a Mercury Cadmium Telluride (MCT) detector 
working at a 40 kHz were used. The measurements were performed in transmission mode, using a condenser/objective pair 15×/15×. 
A measurement area of 50 × 50 μm2 was set to select randomized sample regions in order to avoid saturation. 1024 scans at 4 cm− 1 

spectral resolution were averaged in order to optimize the signal to noise ratio (S/N) according to the samples’ optical characteristics. 
At least 50 points per sample were acquired. Spectra were corrected for atmospheric adsorption, and a baseline was subtracted by using 
a Rubberband correction algorithm [56] with the OPUS PRO 7.5 software (Bruker Optics, Ettlingen, Germany). Qualitative infor
mation on the protein secondary structure was determined from 2nd-derivative analysis of the Amide I adsorption band (1600–1700 
cm− 1). To this aim, 15 absorbance spectra were first averaged upon normalization on to the fiber bands in the 832-1138 cm− 1 spectral 
region and then the second derivative procedure with 13-points smoothing filter was applied. The Amide I normal mode of vibration is 
mainly to peptide-backbone C=O stretching (~80 % of the mode) and N–H bending (~20 % of the mode) adsorptions and it is highly 
sensitive to protein structural changes [57].

2.1.4. ATR-FTIR measurements
Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) measurements of the pristine proteins and supernatant of 

Ferritin-Chry adducts were performed using a nitrogen-purged Vertex70 interferometer (Bruker Optics, Ettlingen, Germany) equipped 
with a thermal source (Globar) and a deuterated triglycine sulfate (DTGS) detector at SISSI-Bio infrared beamline of Elettra Sincrotrone 
Trieste [55]. The single reflection ATR accessory by PIKE with diamond Internal Reflection Element (IRE) was used. Briefly, pure 
HoloF and ApoF were incubated for 2 h, 48 h, and 1 week in solution mimicking the cytosol (120 mM KCl, pH 7.0, 37 ◦C) and 
phagosome (68 mM KCl, pH 7.0 and 5.0, 37 ◦C) under continuous mixing (Protocol 2). After the incubation time, the proteins were 
centrifuged at 10,000 rpm for 10 min and stored at 4 ◦C. 5 μL of these solutions were dropped onto the IRE and measured after 
complete drying under gentle nitrogen flux. The supernatants obtained according to Protocol 2 were measured following the same 
sampling approach. Measurements were acquired with a scanner velocity of 5 kHz in the spectral range 400–4000 cm− 1 by averaging 
256 scans. Spectra were corrected for atmospheric contribution, and a baseline was subtracted by using a Rubberband correction 
algorithm. Second-derivative analysis was performed, applying a 9-points smoothing filter. Data acquisition and processing were 
performed using OPUS PRO 7.5 software (Bruker Optics, Ettlingen, Germany).

2.1.5. Infrared nanoscopy
The vibrational analysis at the nanoscale of pristine fibers and Ferritin-Chry adducts was done taking advantage of infrared 

nanoscopy. To this aim, 5 μL of samples, prepared according to Protocol 1, were dropped onto gold-coated Si wafers and then allowed 
to dry into a closed dish. The samples were then washed three times with Milli-Q water to remove the excess of NaCl salt crystals and 
measured after complete drying. Only a few, tightly bound fibers remained anchored onto the substrate. The measurements were 
carried out at the SISSI-Bio infrared beamline of Elettra Sincrotrone Trieste [55,58] by exploiting the Neascope microscope by 
Attocube System AG, equipped with a scattering-type Scanning Near field Optical Microscopy (SNOM) module, for spectroscopy 
measurements, and a imaging module, for Pseudo Heterodyne, PsHet. imaging. Arrow type, high sensitivity, tips with a diameter of 20 
nm and coated with PtIr (Neaspec GmbH, Munich) were used in order to collect the scattered IR signal. The microscope was operated in 
tapping mode with the cantilever oscillating at a frequency of 235 kHz with a free amplitude around 100 nm. The DFG (Difference 
Frequency Generation) laser chip delivering light in the spectral region 1000-2000 cm− 1, with maximum emission at 1666 cm − 1 was 
used for spectroscopy measurements in order to probe protein modes (Amide I at 1580-1710 cm− 1 and Amide II at 1480-1580 cm− 1). 
Spectra were acquired at a resolution of 8 cm− 1 with each measurement taking around 3 min. A clean gold surface was used as a 
reference in order to calculate IR absorbance. A Quantum Cascade Laser (QCL) was conversely used for image acquisition exploiting 
the imaging module. Neaplot (Attocube System AG, Munich) software was used for spectroscopic data analyses and topographic 
imaging maps were analyzed with Gwyddion 2.59. The images were built up by considering the 3rd-harmonic and the 4th-harmonic of 
the optical signal in order to compare the absorption of the samples at different penetration depths, being the first more penetrating 
than the latter, in a penetration range not exceeding 100 nm for the 2nd-harmonic of the signal [59,60].

2.1.6. High-Resolution Transmission Electron Microscopy (HR-TEM)
To better understand the adsorption of ferritin onto the asbestos fibers, HR-TEM experiments were carried out at the National 

Institute of Material Physics, BUCHAREST-MAGURELE Laboratory of Atomic Structures and Defects in Advanced Materials in 
Bucharest (NIMP, CERIC-ERIC facility). HR-TEM images were acquired using the atomic resolution analytical JEOL JEM ARM200F 
microscope operated at 200 KV and equipped with a JEOL JED-2300 T unit for Energy-Dispersive X-Ray spectroscopy (EDS) analysis. 
The samples were observed in conventional TEM (CTEM).

3. Results and discussion

3.1. Ferritin interactions with asbestos fibers

For the purpose of our studies, a simplified “in vitro” model was exploited, composed of pure HoloF and ApoF adsorbed onto 
asbestos fibers, referred from here on as protein-fiber adducts. Firstly, with the aim of setting the optimal experimental conditions for 
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adducts formation, the extent of HoloF adsorption on 0.5–1.0 mg/mL Chry was evaluated after 2 h of incubation at room temperature 
(RT). In these preliminary experiments, the same amount of protein (0.110 ± 0.010 μg protein/μg fibers) was adsorbed, independently 
on the protein concentrations (e.g. from 400 to 600 μg/mL, n = 4), revealing an excess of protein with respect to the adsorption ca
pacity of the fibers. Thus, the following experiments were performed using a fiber concentration of 1.0 mg/mL and a protein con
centration of 400 μg/mL, unless otherwise indicated. When the adsorbing capacity of different fiber types was analyzed, the extent of 
HoloF adsorption on Chry reached a value of 0.108 ± 0.018 μg protein/μg fibers (n = 10), while in the case of Croc and Amo the values 
were 0.045 ± 0.0012 (n = 3) and 0.021 ± 0.0025 (n = 3) μg/μg fibers, respectively. As shown in Fig. 1a, these values were significantly 
different (Chry vs Cro, ***P < 0.001, Chry vs Amo, **P = 0.01). Having shown that Chry was able to bind ferritin to a higher extent 
with respect to the other types of asbestos fibers, we decided to focus our study on the Chry-Ferritin interaction. The dose-response 
curve in Fig. 1b, shows that at 400 μg/mL of protein, 0.121 ± 0.019 μg/μg fibers (n = 3) were adsorbed as a maximum value, con
firming the above observations. The time course of formation of the HoloF -Chry adducts is shown in Fig. 1c. The adduct formation 
kinetics were quite fast since ~80 % of the maximum adsorption value was already reached after 10 min, while the plateau was 
reached after 30 min. A different adsorbing capacity of Chry has been reported also for other proteins, such as bovine serum albumin 
(BSA); in this case, Chry was found to bind more proteins (e.g. 0.009 μg BSA/μg fibers) than Croc (e.g. 0.003 μg BSA/μg fibers) [18]. 
Interestingly, the values were about 13.4 times and 3.3 times lower than those we found for HoloF.

These results suggest that a wide spectrum of interactions, in relation to both fiber and protein types, are involved in the adducts 
formation, as also suggested by other authors [19,21]. Subsequently, the extent of adsorption of HoloF and ApoF on Chry was 
compared at pHs similar to those encountered inside the macrophages (e.g. cytosol: 7.0; phagosome early: 7.0, and phagosome late: 
5.0) [52], the first cell-type that comes in contact with the fibers. Holoferritin and newly synthesized apoferritin are cytosolic proteins. 
When the stored iron of holoferritin is required for cellular functions (e.g. in macrophages), it must be released from the protein. For 
this purpose, holoferritin enters an autophagocytic process, known as ferritinophagy, where, following the proteinases activity at low 
pH, the proteins are digested and iron is made free [61]. Therefore, holo/apo ferritins are found both in the cytosolic and in the 
phagolysosomal compartment. On the other hand, the fibers can be found either in the cytosol (entering by cell membrane piercing) or 
into the phagosome (entering by ingestion) [10,12,13]. The result is that fibers and ferritins can meet in these two compartments. 
Accordingly, we tested the ferritin-chrysotile adsorption at either pH 5.0 (phagosome) or 7.0 (cytosol and phagosome early). As 
summarized in Fig. 2a, Chry bound ApoF significantly less than HoloF at pH 7.0 (**P < 0.01). Conversely, at pH 5.0, the difference in 
adsorption was not significant. The difference between HoloF and ApoF adsorption at pH 7.0 was further confirmed by SDS-PAGE 
analysis on the pellets collected after centrifuging the protein-fiber mixture (Fig. 2b). Of note, the high variability, of either 

Fig. 1. Optimization of the experimental conditions for setting up protein:fiber adducts. a) HoloF adsorption on different types of asbestos fibers in TRIS 
buffer (20 mM pH 7.0). UV–Vis data. Amount of HoloF (400 μg) adsorbed onto 1 mg of fibers; final volume 1 mL. Chry (n = 10); Cro (n = 3) and 
Amo (n = 3). HoloF was adsorbed more significantly onto Chry vs Croc (***P < 0.001) and vs Amo (**P < 0.001) fibers. One-Way ANOVA (with 
Tukey’s post hoc). b) Dose-response curve for HoloF adsorption onto Chry fibers. UV–Vis data. At plateau (400 μg), 0.121 ± 0.019 (mean ± SE) μg 
were found adsorbed on 1 μg of fibers (n = 3). Fiber concentration = 1 mg, final volume = 1 mL. c) Time course of HoloF adsorption onto Chry 
fibers. UV–Vis data. Note that ~80 % of the maximum value was reached after 10 min of incubation. HoloF 400 μg, Chry 1 mg (n = 3), final volume 
1 mL.
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holoferritin or apoferritin adsorption may be explained by the heterogeneity of this phenomenon. This can be easily revealed by the 
ultrastructural appearance of the adducts (see below). The complexity of adduct formation was confirmed by the finding that HoloF 
and ApoF were adsorbed similarly at pH 7.0 and 5.0. HoloF and ApoF share a similar isoelectric point (IP), 4.1–5.1 and thus, at pH 7.0, 
they are both negatively charged and can bind by electrostatic interaction the positively charged Chry fibers (IP = 10). Assuming a 
pure electrostatic interaction, a reduced adsorption is expected at pH 5.0. Since this is not the case, the involvement of other weak 
interactions e.g. H-bonds affecting the adsorption capacity, has to be taken into consideration [9,21].

The lower extent of adsorption of the iron-free protein ApoF by the iron-poor Chry fibers, suggests that iron may play some role in 
the protein-fiber interaction mechanism. Iron-saturated Chry tended to remain yellow-coloured, even after extensive washing 
(Fig. 1S), as a consequence of a direct and persistent iron binding, as reported also by others [21,25,41–43]. Moreover, the supernatant 
analysis by UV (Fig. 2c) and the SDS-PAGE of the pellets (inset in Fig. 2c) revealed a strong inhibition of HoloF adsorption onto these 
iron-enriched Chry fibers. This intriguing role of iron would also explain the reason why Croc and Amo (iron-rich fibers) adsorb less 
HoloF. A similar effect has been reported for BSA, in which the amount of protein adsorbed on iron-doped synthetic Chry was found to 
decrease when the iron increased [22]. In this case, as a result of the iron doping extent, the metal could replace both Mg and Si of Chry, 
modifying the structure of the fiber [22]. Similar changes of iron-saturated Chry structure could have some role in the HoloF-fiber 
interaction, and thus explain its failure in adsorbing HoloF. We speculate that during the Chry-HoloF interaction, the iron of the 
protein may interact with the fiber and stabilize the HoloF-fiber interaction. This aspect deserves to be investigated in the future. We 
did not further investigate the mechanism of chrysotile-ferritin adduct formation. It may include electrostatic bonds, protein charge 
density, hydrogen bond formation and hydrophobic effects. Moreover, the combination of these bonds could be specific for each type 
of protein [22,62]. Also this subject deserves to be investigated in the future. Here, we focused mainly on ferritin secondary structure 
under conditions of optimal interaction. On this note, for detaching the proteins from fibers, a strong treatment was required: extensive 
washing in 0.9 % NaCl and 15 min boiling in NaOH and SDS. Thus, apart from the chemical nature of the Ferritin-Chry interaction, the 
strength of their binding seems to be very strong. In line with this observation, a large amount of ferritin has been detected in the 
coating material of ABs only after strong treatment [33]. Accordingly, it is likely that the ferritin-sequestration can hinder a functional 
participation, either of AB-associated ferritin or of ferritin in Ferritin-Chry adducts, in the cell iron homeostatic process.

Fig. 2. Adsorption of ferritin isoforms onto chrysotile: effect of pH and iron-saturation a) Amount of HoloF and Apo-F adsorption onto Chry at different 
pHs. TRIS 20 mM, pH 7.0 and acetate 20 mM pH 5.0). Protein concentration 400 μg, Chry 1 mg; final volume 1 mL. Uv–Vis data. The amount of 
HoloF adsorbed was not significantly different at the pHs tested (pH 7.0 n = 16, pH 5.0 n = 4). HoloF adsorption was significantly higher with 
respect to ApoF at pH 7.0 (**P < 0.01, unpaired t-test). Values are means ± SE. b) SDS-PAGE showing that ApoF was bound at a lower extent (lane 
4) with respect to the iron-loaded counterpart (lane 2). In lanes 1 and 3 the protein inputs are shown. c) HoloF absorption on iron-doped Chry; 
protein concentration 400 μg, Chry 1 mg; final volume 1 mL. UV–Vis data. Values are the mean ± SE of 4 exps (***P < 0.0001, t-test, n = 4). Inset 
SDS-PAGE: lane 1, HoloF input (20 μg protein); lane 2, 50 μL of the protein extract obtained from the adduct HoloF:Chry; lane 3, 50 μL of the protein 
extract obtained from the adduct HoloF:iron-doped Chry. All samples were boiled for 5 min in 1 % SDS. Coomassie stained. See Materials and 
Methods for details.
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3.2. Nanoscale morphochemical characterization of HoloF - and ApoF-Chry adducts

In order to better investigate the morphochemical characteristics of HoloF-Chry and ApoF-Chry adducts, HR-TEM and infrared 
nanoscopy were exploited. HR-TEM analyses focused on the models more relevant from a biological perspective, i.e. HoloF-Chry and 
ApoF-Chry adducts at cytosolic conditions (pH 7.0, KCl 120 mM), incubated for 2 and 48 h. HR-TEM images acquired on the HoloF - 
and ApoF-Chry adducts are presented in Fig. 3. HoloF-Chry adducts (Fig. 3 panels a–c) showed the presence of electron-dense roundish 
structures having a diameter of ~6 nm in all tested conditions (panels a-b). These structures are commonly observed by TEM when 
HoloF is imaged and correspond to the iron core of HoloF [63]. As expected, at high magnification (panel c), these structures showed 
the presence of a crystal structure, compatible with the typical appearance of ferrihydrite, the main component of the ferritin iron core 
[64]. The electron-dense structures were closely related to the fiber as a homogeneous monolayer of single molecules (inset in panel 
a). However, frequently, the ferritin adsorption was not homogeneous and appeared to accumulate at specific sites on the fibers, which 
may express a different chemical composition favoring the adsorption (Fig. 3 panel b). Interestingly, at these sites, the ferritin mol
ecules adsorbed onto the fiber seemed to bind in turn, more ferritin, forming a bulge on the fiber. Even if we cannot exclude that some 
pre-aggregated ferritin molecules could have been involved, the observation that these bulges were observed on either site of the fiber 
(arrowheads in panel b) makes this possibility unlikely. A heterogeneous adsorption of ferritin and the variability seen in Fig. 2a may 
be the basis of the peculiar asbestos body structures [65]. Fig. 3a and b shows that one fiber can bind holoferritin heterogeneously, 
even if a homogeneous layer is the main pathway of adsorption; frequently, an accumulation of bound molecules is seen. Also, some 
fibers appear to bind holoferritin to a weak extent. Even if we used UICC standard chrysotile, we cannot be sure to employ amounts of 
fibers with the same binding capacity.

No significant morphological differences were found between the appearance of HoloF-adducts in cytosolic or phagosomal con
ditions, either sampled at 2 or 48 h (data not shown). Fig. 3 (panels d, e) shows the ultrastructural appearance of ApoF-Chry adducts. In 

Fig. 3. HR-TEM images of HoloF-Chry adducts. In panels a-c, the ultrastructure of HoloF-Chry adducts formed in cytosolic conditions is shown. No 
significant morphological difference was found between the appearance of HoloF-adducts in either cytosolic or phagosomal conditions or sampled at 
2 and 48 h. Roundish electrodense structures are clearly evident for each imaged condition. They formed a continuous monolayer or accumulated in 
a bulge. In panel c, crystal structures (e.g. that enclosed in a dotted line) compatible with that of ferrihydrite are evident. The ultrastructural 
appearance of ApoF-Chry adducts is shown in panels d and e. In all the tested conditions, the fibers were coated with a non-electron dense layer a 
few nanometers thick (white arrowheads in panel d and e) that appeared more homogenous and regular with respect to that observed for HoloF- 
Chry. This amorphous layer was not formed when the fiber was incubated without proteins in the cytosol-mimicking solution. Also, for ApoF-Chry 
adducts, the coating layer was not always homogeneous and sometimes formed bulges (black arrowheads in panels d and e). HR-TEM image of Chry 
fibers after 48 h of incubation in cytosolic-mimicking solution is also shown for comparison (panel f). Scale bars: 200 nm in panel a and b; 100 nm in 
panels d; in all the insets and panel f, 50 nm; 10 nm in panel c.
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all the tested conditions, the fibers were coated with a non-electron dense layer a few nanometers thick that appeared more ho
mogenous and regular (black arrowheads in panels d and e) with respect to that observed for HoloF -Chry. This amorphous layer was 
not formed when the fiber was incubated without proteins in the cytosol mimicking solution. Also, for ApoF-Chry adducts, the coating 
layer was not always homogeneous and sometimes formed bulges (white arrowheads in panels d and e). Again, no significant 
morphological difference was found between the samples in all the tested conditions (data not shown). An HR-TEM image of Chry 
fibers after 48 h of incubation in cytosolic-mimicking solution is also reported for comparison (panel f).

In order to add chemical information at the nanoscale to the results already obtained with HR-TEM, and especially on the material 
adherent onto the fiber surface, infrared nanoscopy was exploited. In Fig. 4, panels a and e, the AFM topography of HoloF-Chry and 
ApoF-Chry adducts upon 2 h of incubation at cytosolic pH is shown. The nano-FTIR absorbance spectrum collected on the surface of the 
HoloF-Chry adduct in the 1750-1450 cm− 1 spectral region, plotted in Fig. 4 panel b, clearly shows the Amide I and Amide II bands of 
proteins and demonstrates that HoloF is bound to Chry. The same considerations can be drawn for the ApoF-Chry adduct: the nano- 
FTIR absorbance spectrum exhibited the presence of Amide I and II peaks (see Fig. 4, panel f), indicating that ApoF is also adsorbed 
onto the fiber. For comparison purposes, panels i and j of Fig. 4 show AFM topography and the nano-FTIR absorbance spectrum in the 
1750-1450 cm− 1 spectral region of a raw Chry fiber upon 2 h incubation in cytosolic conditions without the presence of ferritin. The 
absorbance spectrum did not show any relevant spectral feature, excluding possible spectral interference of the fiber with the nano- 
FTIR absorbance spectra of the adducts. Overall, the results highlight that the low electron density material which decorates asbestos 
fibers revealed by HR-TEM analysis is made of ferritin, and further confirms that the electron-dense roundish structures are indeed the 
HoloF metallic core. In addition, the IR images at 1640 cm− 1 revealed a uniform distribution of both HoloF (panels c and d, third and 

Fig. 4. IR nanoscopy of HoloF- and ApoF-Chry adducts. (a, e, i) AFM topography of HoloF-Chry, ApoF-Chry and raw Chry fiber respectively. (b, f, j) 
nano-FTIR absorbance spectrum in the 1750-1450 cm− 1 spectral region of HoloF-Chry, ApoF-Chry and raw Chry fiber respectively. (c, g, k) nano-IR 
chemical image at 1640 cm− 1, third harmonic of the signal (O3P) of HoloF-Chry, ApoF-Chry and raw Chry fiber respectively. (d, h, l) nano-IR 
chemical image at 1640 cm− 1, fourth harmonic of the signal (O4P) of HoloF-Chry, ApoF-Chry and raw Chry fiber respectively.
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fourth harmonic of the optical signal respectively) and ApoF (panel g and h, third and fourth harmonic of the optical signal respec
tively) across the surface of Chry. Since the penetration depth of the fourth harmonic is smaller than the third [60], by analyzing the 
different contrast for HoloF and ApoF adducts, it can be inferred that ApoF is mainly loaded onto the fiber surface, while HoloF seems 
more intimately bound into the fiber. For ApoF, the third harmonic protein signal was “diluted” into the background, while becoming 
more clearly detectable over the background at the fourth harmonic of the signal. Conversely, the fainter fourth harmonic signal of 
HoloF, with respect to the third, can be interpreted as a deeper penetration of the protein into the fiber structure. As already high
lighted, it is indeed known that HoloF and ApoF have the same net charge, but the iron core of HoloF determines a redistribution of the 
surface charges of the protein and major conformational flexibility [66,67]. Despite accessing the same binding sites, HoloF and ApoF 
may locally interact differently with the fiber, thereby explaining their penetration capacity and potential impact on their structure. 
Again, the presence of iron induces a more intimate interaction and may possibly affect the fiber structure.

3.3. HoloF and ApoF secondary structure on protein-chry adducts

To assess and follow in time, the possible secondary structure rearrangements of HoloF and ApoF occurring after the formation of 
the adduct, micro-FTIR experiments were performed. In an attempt to approximate in the best possible manner, the biological 
environment encountered by the asbestos fibers following cell ingestion/penetration, the adducts were assembled in KCl salt to mimic 
the saline concentrations of cytosolic and phagosome compartments, aiming to create an environment that more closely resembles the 
in vivo conditions. In particular, potassium ions (K+) are the most abundant in the inner compartments of cells, and chloride ions (Cl− ) 

Fig. 5. Micro-FTIR spectra of HoloF-Chry adducts. Second derivative of HoloF-Chry adduct micro-spectra averaged on fifteen acquisitions at incu
bation times 2 h (green plot), 48 h (red line) and 1 week (blue line) for the following incubation conditions: a) 68 mM KCl, pH 5 (phagosomal 
conditions); b) 68 mM KCl, pH 7.0 (phagosomal conditions); c) 120 mM KCl, pH 5.0 (cytosolic conditions); d) 120 mM KCl, pH 7.0 (cytosolic 
conditions). Green, red and blue-shadowed regions represent the spectral standard deviation at each considered incubation time. HoloF second 
derivative ATR-FTIR spectrum is also plotted for each pH and ionic strength (black line). Data are normalized at the main peak. The helix pattern 
(1656 cm− 1) of HoloF loaded on Chry, when compared to pristine HoloF, is well preserved for all tested conditions. For more details see text.
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are crucial for modulating ion strength and pH. Moreover, both ions are involved in bacterial killing activity within the phagosome. 
The protein-fiber interaction was therefore investigated in both cytosolic conditions, at pH 7.0, 120 mM KCl, 37 ◦C, and in phagosomal 
conditions, at pH 5.0 and pH 7.0, 68 mM KCl, 37 ◦C. An additional condition was introduced into the study, which is not biologically 
relevant: the F-Chry adduct assembled at 120 mM KCl and pH 5.0. This approach enabled us to disentangle the specific influences of pH 
and ionic strength on the adsorption process and facilitate a meaningful parallel analysis between phagosome and cytosol conditions. 
Having previously verified that the complete uptake of ferritin on Chry occurs in less than 1 h (see Fig. 1b), the incubation time was set 
to 2 h, 48 h and 1 week. Figs. 5 and 6 show the second derivative spectra of HoloF -Chry and ApoF-Chry adducts in the Amide I region 
(1600–1700 cm− 1) for all the aforementioned conditions. The spectra of the adducts were compared to the ones of pristine HoloF and 
ApoF incubated under the same experimental conditions for the longest incubation time, 1 week.

It is relevant at this stage, to highlight that the spectral contribution of the fiber in the Amide I spectral region was negligible and 
did not affect the spectral analysis on the protein secondary structure that followed. For more information, see Fig. 3S panel b. Second 
derivative spectra of pristine HoloF (black traces in Fig. 5a–d) showed a main minimum at ~1656 cm− 1 at all tested conditions, 
attributed to α-helix moieties, suggesting that the protein is in its native structure. It is therefore possible to state that the folding of 
Chry adsorbed HoloF does not significantly change at the diverse tested conditions, both above the isoelectric point of HoloF (pI 
4.1–5.1). In more detail, at phagosome ionic strength, for both acidic and neutral pH (See Fig. 5a and b respectively), the secondary 
structure of HoloF was minimally affected: a broad and weak shoulder in the 1640-1620 cm− 1 spectral region may be appreciated. This 
shoulder had two local minima, at ~1632 and ~1620 cm− 1, more easily appreciable at acidic pH for t = 1 week and at neutral pH for t 
= 2 h and t = 48 h. Whether the local minima at about 1620 cm− 1 was indicative of a very strong hydrogen bond pattern, undoubtedly 
attributed to inter-molecular β-structures in protein aggregates, the interpretation of the 1632 cm− 1 shoulder, and in general of the 
bands in the 1640-1630 cm− 1 spectral region, is more controversial. Spectral components in the aforementioned spectral region are 

Fig. 6. Micro-FTIR spectra of AF-Chry adducts. Second derivative of AF-Chry adduct micro-spectra averaged on fifteen acquisitions at incubation 
times 2 h (green plot), 48 h (red line) and 1 week (blue line) for the following incubation conditions: a) 68 mM KCl, pH 5.0 (phagosomal conditions); 
b) 68 mM KCl, pH 7.0 (phagosomal conditions); c) 120 mM KCl, pH 5.0 (cytosolic conditions); d) 120 mM KCl, pH 7.0 (cytosolic conditions). Green, 
red and blue-shadowed regions represent the spectral standard deviation at each considered incubation time. AF second derivative ATR-FTIR 
spectrum is also plotted for each pH and ionic strength (black line). Data are normalized at main peak. The rearrangements of ApoF loaded on 
Chry, when compared to pristine ApoF, are more severe, than those of HoloF-Chry. This finding suggests a proper misfolding only in the case ApoF. 
For more details see text.
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usually assigned either to native β-sheets or considered indicative of new β-strands or turns in monomeric partially folded in
termediates of protein misfolding, but also in oligomers or aggregates, both amorphous and fibrillar ones [68]. Given the interpretative 
constraints imposed by the standard deviation of the spectra, for the system under analysis, taken into consideration that the spectral 
component at about 1632 cm− 1 cannot be distinguished in the untreated HoloF, it can be concluded that, at both acidic and neutral 
phagosome conditions, HoloF loaded on Chry tends to rearrange to a partially folded monomeric intermediate, inclined to aggregate. A 
very similar consideration may be drawn out for HoloF-Chry adducts at physiological and non-physiological cytosol conditions (Fig. 5c 
and d respectively), with the difference being that at slightly acidic pH and cytosolic ionic strength (see Fig. 5c), only the spectral 
component at ~1632 cm− 1 stably shows up in second derivative analysis (see Fig. 5d). Overall, it is possible to appreciate a relatively 
moderate standard deviation of the second derivative spectra, and in particular of its α-helix contribution, as well as the stability in 
position of the α-helix peak, indicative of the fact that the helix pattern of HoloF is quite well preserved for all tested conditions. It is 
however interesting to highlight that for those conditions where the α-helix component variability was greater (e.g. KCl 120 mM, pH 
5.0, 48 h and KCl 120 mM, pH 7.0, 1 week), a shoulder at ~1688 cm− 1 appeared, diagnostic of extended β-turns and loops possibly 
formed as a consequence of a partial α-helix misfolding [69]. The collected experimental evidence, including the lack of any clear 
time-dependent trend, led us to postulate that the interplay between pH and ionic strength plays the crucial role for the structural 
stability of HoloF loaded onto Chry.

When considering ApoF, the behavior of the native protein was fully similar to HoloF: second derivative spectra of pristine ApoF in 
all tested conditions exhibited a prominent peak in the α-helix region, centered at ~1656 cm− 1 (See Fig. 6a–d, black plots). At a first 
glance, Fig. 6 shows more pronounced second derivative variation of ApoF loaded onto Chry with respect to HoloF loaded onto the 
same fiber. In particular, the ApoF-Chry adduct exibited a comparable time-dependent trend in phagosome condition at both pH 5.0 
and pH 7.0, as shown respectively in Fig. 6 panels a and b. After 2 h incubation (green line), two shoulders of the main α -helix peak, at 
1656 cm− 1 were detected, centered respectively at ~1632 and below 1620 cm− 1. Over time, the second derivative analysis highlighted 
the prevalence of the spectral component centered at 1632 cm− 1 and its shift toward higher wavenumbers (about 1635 cm− 1). At 48 h 
(red line) and 1 week (blue line) incubation time, the behavior of ApoF on Chry fiber at cytosolic conditions for both acidic and neutral 
pH was fully comparable (Fig.6 panel c and d), while the spectral component at 1620 cm− 1 at 2 h was suppressed in ApoF and only the 
component at 1632 cm− 1 could be detected.

Taking into consideration the spectral interpretation of the aforementioned components, already provided when describing HoloF- 
Chry adducts, the monitored trend suggests the partial misfolding of ApoF, first associated with the transient formation of intermo
lecular aggregates as a consequence of new β-strands or turns, and then with the stable settle of oligomeric aggregates characterized by 
weaker hydrogen-bonded structures, as proven by the red-shift of β-structures from 1632 to 1635 cm− 1 [70].

To sum up, micro-FTIR analysis indicated that the rearrangements undergone by ApoF are more severe than the ones undergone by 
HoloF upon interaction with Chry fibers, letting us speculate about a proper protein misfolding only in the case of ApoF. It is possible to 
conclude that the interaction with Chry fibers primarily induces misfolding of ferritin when the protein is iron-free, suggesting that 
iron-loading, despite allowing a deeper interaction with the fiber as proven by IR nanoscopy, assures more stability to the protein 
against the unfolding effect of asbestos.

Eucaryotic ferritin has a highly conserved three-dimensional structure, composed of 24 subunits of two types, heavy (H, 21 KD 178 
residues) and light (L, 19 KD 174 residues) chains. Its secondary structure is mainly composed (41–70 %) of alfa-helices [60,71,72]. 
They co-assemble to form an almost spherical nanocage with inner and outer diameters of 8 nm and 12 nm, respectively. The ferritin 
nanocage is comprised of six hydrophobic channels belonging to alfa-helix D, and eight narrow hydrophilic channels belonging to 
alfa-helix E, which represent pores for iron ions in both H and L subunits. Importantly, the resulting nanocage is very stable between pH 
3 and 9 [70]. The ferroxidase center is buried inside the alfa-helices of the H subunit, and is accessible from the hydrophilic channels. 
The L-subunits facilitate iron hydrolysis and mineralization. From these data, it is argued that alfa-helix folding is a key factor for 
ferritin-mediated iron uptake, oxidation and core formation, and that changes of the secondary structure are expected to result in an 
important functional loss.

Although we did not prove that the misfolding induced by adduct formation determines a loss of ferritin function, it is likely that 
this is the case. Furthermore, in view of the results obtained from the nanoscale analysis, and verification of the major structural 
stability of HoloF with respect to ApoF at every tested condition, it is also plausible to state that HoloF is able to retain its iron storage 
function following interaction with the asbestos fiber, even if it may lose its capacity for releasing iron. Conversely, ApoF is probably no 
longer able to exert its physiological functions.

The secondary structure of ApoF was also investigated by ATR-FTIR in the supernatant of ApoF-Chry adducts. Fig. 4S shows the 
second derivative spectra of this supernatant in phagosome and cytosolic conditions, incubated with Chry for 48 h. The spectra are very 
similar, characterized by the main peak in the region of the α-helix (1656 cm− 1) as native ApoF, for all tested condition. These 
additional data are in line with fact the free ApoF maintains its ferroxidase activity upon Chry interaction [44] and essentially confirms 
the structure-activity relationship paradigm.

Ferritins possess other important functions besides iron storage. Among these, regulation of protein translation, apoptosis, and 
chemokine receptor signaling are included [71,73]. The effects of ferritin-Chry interaction on each specific function at cellular level 
deserve to be investigated and will be a next target of our research. Nevertheless, it is worthy of note that the exposure of cell cultures 
to asbestos fibers (Chry included) results in a significant new synthesis of ApoF [45,46], which was suggested to be a cell reaction 
mechanism of defense against the ROS production catalyzed by the ingested fibers [46]. The novel finding described in this paper, that 
cellular asbestos fiber interaction may affect both the structure and the function of the interacting ferritins, suggests another more 
complex scenario.

Cytosolic fibers can sequester iron (III) directly [74] from the labile iron pool (LIP). LIP consists of both forms of ionic iron (Fe2+
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and Fe3+) complexed by diverse low-molecular weight organic chelators with low affinity to iron ions, such as citrate, phosphate and 
other organic ions. Whenever cell iron availability is impaired, Iron Regulatory Proteins (IRPs) sense it and stimulate iron uptake via 
DMT1 and the transferrin receptor (TfR) expression, as shown by Ghio et al. in lung tissue of patients with asbestosis [50] and in cell 
cultures [47,48]. As described in different cell types [45,46], upon iron uptake initiation, LIP reaches a high level, and, as a response, 
new ApoF synthesis is triggered. In the cytosol (neutral pH), the fibers can meet either ApoF (newly synthetized) or HoloF. The findings 
presented here highlight that the ApoF-Chry interaction induces a change in ApoF secondary structure, which very likely compromises 
its ferroxidase activity. As a consequence, the oxidation of imported iron (II) will be impaired, HoloF concentration is expected to 
decrease, while LIP increases. At the same time, Chry fibers themselves can promote iron oxidation [44], competing with the residual 
ferroxidase activity of unbounded ApoF and inhibiting the iron loading in the ferritin cage, thus contributing to an increase in the labile 
iron (III) pool and further reducing HoloF concentration. We put forward the hypothesis that the structural changes we found in ApoF, 
together with the low level of HoloF concentration, inhibits the negative feedback signal for switching-off iron import mechanisms, 
while still allowing ApoF synthesis. We think it possible that this failure, which in experimental models is induced by the repression of 
ApoF synthesis [75], could also be induced by the strong structural changes caused in ApoF by Chry, together with the decrease of 
HoloF, a situation which could resemble what was reported by Kakhlon and Cabantchik [75], who showed that inhibiting ferritin 
expression allows a significant increase of LIP, escaping IRPs sensing. The overall result may be that a persistent iron import is 
maintained and iron overload is eventually established.

In the phago-lysosomal, as well as in the auto-phagosomal compartment, the interaction between HoloF and asbestos fibers is also 
possible [76]. Considering the strong binding of HoloF in the HoloF-Chry adduct, we speculate that the high affinity of the fiber for the 
iron-loaded protein, despite it failing to modify significantly its secondary structure, may inhibit the Fe(III) release from it, making 
more severe the iron request and initiate asbestos body formation on longer fibers [77]. The global paradoxical result of this scenario is 
an increased request for iron from the outside, together with a persistent iron overload, already reported by other authors [47,48,50]. 
Altogether, continuous new ApoF synthesis, its continuous structural and functional modification by the fibers, the continuous iron 
uptake and the persistent iron overload, may create a perfect basis for the generation of neoplastic cells. Interestingly, treatment with 
either ferric nitrilotriacetate, a cell-permeating iron complex (causing an intracellular overloading of iron), or iron-free synthetic Chry 
does not exert any of the cytotoxic effects induced by natural Chry or by iron-loaded synthetic Chry. This suggests that Chry is not toxic 
by acting simply as a carrier of iron into the cell [43,78]. Another key player could be the Chry-induced modification of ferritins.

4. Conclusions

Previous work showed that adsorption on asbestos induces structural changes in the bound protein. These works dealt mainly with 
the quality of the protein structure (mainly serum albumin), independently on any relation with asbestos-related diseases. For the first 
time, we focused our attention on the interaction between asbestos fibers and ferritin, a protein involved in iron metabolism, which is 
strongly modified in asbestos-related diseases. Moreover, for this purpose, High Resolution Transmission Electron Microscopy (HR- 
TEM) was employed together with FTIR microspectroscopy and Infrared nanoscopy, which to the best of our knowledge, have not been 
used up to now for this purpose.

The objectives of this study were firstly to define the features of ferritin adsorption to different asbestos fibers (serpentine and 
amphiboles) and secondly to investigate the effect of this adsorption on protein structure. We show here that the amount of ferritin 
bound to different asbestos fibers falls within the range of 0.011–0.150 μg protein/μg fibers. Chry showed the maximal affinity for 
HoloF with respect to Croc and Amo. On this basis, we decided to study in more detail, the features of Ferritin-Chry adsorption and its 
effects on the protein structure. The interaction was rapid, reaching ~80 % of the maximum value after 10 min of incubation at RT. The 
extent of ferritin adsorption was comparable (non-significantly different) at the different pHs which can be found by the fiber in the cell 
interior. If actively ingested, the fiber finds either a neutral pH (phagosomal early) or an acidic pH 5.0 (phagosomal late). If it reaches 
the cell interior by membrane-piercing, it finds a neutral pH (7.0 cytosolic). Very interestingly, ApoF showed a different pattern of 
adsorption. It was significantly lower with respect to HoloF at the pHs tested. Its maximum binding was found at pH 7.0. These 
different patterns of binding could suggest that iron-loaded ferritin could be bound to the fiber in the cytosol and in the phagosomal 
compartment, while ApoF is expected to be mainly bound in the cytosolic compartment, where it can meet the fiber, just when newly- 
synthetized. The lower extent of interaction of ApoF with Chry suggests that the presence of iron could improve the interaction. This 
possibility was confirmed by saturating Chry fibers with ferric iron before the incubation with HoloF. Under this condition, the extent 
of ferritin adsorption was strongly inhibited, suggesting the hypothesis that the mechanism of adsorption could rely on iron seques
tration by the fibers from the protein. This mechanism could also explain the lower adsorption affinity of ferritin for Croc and Amo, 
amphiboles which are richer in iron with respect to Chry. The ultrastructural appearance of the HoloF- and ApoF-Chry adducts 
revealed that either HoloF or ApoF mainly showed a homogeneous pattern of distribution on the fibers. However, frequently, they 
appeared as a bulge, suggesting a different extent of binding at specific sites of the fiber. Nano-IR analysis confirmed that the protein, in 
either case (HoloF and ApoF), homogenously decorates the fiber, which excludes a non-specific trapping of the proteins, and further 
reveals a different mechanism of binding of the two isoforms. Despite accessing the same binding sites, HoloF and ApoF may interact 
differently with the fiber, contributing to explain their penetration capacity and potential impact on their structure. Again, the 
presence of iron induces a more intimate interaction and may possibly affect the fiber structure. The FTIR spectroscopic study showed 
that the interaction with Chry fibers primarily induces misfolding of ferritins when the protein is iron-free, suggesting that iron loading 
insures more stability to the protein. The final stages of the misfolded state exhibit similar structural features, with a fraction of the 
peptide backbone adopting a β-sheet conformation. The rearrangements in beta-sheet twist angles during the misfolding process were 
more evident for the cytosolic conditions. α -helix folding is a key factor for ferritin-mediated iron uptake, iron oxidation and core 
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formation, and changes of its secondary structure are expected to result in an important functional loss. Although we did not prove that 
misfolding induced by adduct formation determines a loss of ferritin function and contributes to iron overload, it is likely that this is the 
case. These considerations, which clearly represent a limitation of the paper, will represent the aim of our next paper. Furthermore, in 
view of the results obtained from the nanoscale analysis, and verification of the major structural stability of HoloF with respect to ApoF 
at every tested condition, it is also plausible to state that HoloF is able to retain its iron storage function following interaction with the 
asbestos fiber, even if it may lose its capacity to release iron, while ApoF is presumed to be no longer able to exert its physiological 
functions.

Ferritins possess other functions besides iron storage. Among these, regulation of protein translation, apoptosis and chemokine 
receptor signaling are included. The effects of Chry interaction on these functions within the cell environment deserve further 
investigation and will be the next target of our research. An example of this general principle is the activity of carbon nanotubes which 
after adsorption of either hemoglobin or transferrin, acquire a significantly aggravated cytotoxicity to mesothelial cells, with an in
crease in cellular catalytic ferrous iron and DNA damage also observed [79]. In conclusion, our findings reveal a new potential toxic 
activity of asbestos fibers: they bind to proteins and may modify their function as a result. This capacity, particularly in relation to 
ferritin, may be very likely one of the causal events leading to changes of iron homeostasis, iron overload and lung inflammation. An 
in-depth biophysical characterization of the adsorption phenomena is under study.
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