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Abstract

Geoinspired synthetic chrysotile, which represents an ideal asbestos reference standard, has been utilized to investigate homomolecular ex-
change of bovine serum albumin (BSA), the major plasma protein, between the adsorbed and dissolved state at the interface between asbestos
fibers and biological medium. FTIR spectroscopy has been used to quantify BSA structural modifications due to surface adhesion on chrysotile
fibers as a function of the surface coating extent. Circular dichroism spectroscopy has been used to investigate the adsorption/desorption equi-
librium through analysis of the BSA structural perturbations after protein desorption from chrysotile surface. Data results show clearly that in
the solid state BSA modifications are driven by surface interaction with the substrate, following a bimodal adsorption evidenced by two differ-
ent binding constants. On the other hand, BSA desorbed in solution is able to rearrange, in the lack of substrate, although keeping irreversible
modifications with respect to the native species. The lack of regaining its native structure certainly affects albumin interaction with biological
environment. The present investigation on the stoichiometric synthetic geoinspired chrysotile nanocrystals is the first approach toward a deeper
attempt to use standard synthetic chrysotile reference samples in mimicking the behavior of asbestos fibers and allows to better understand their
interaction with a biological environment.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Asbestos toxicity is due to fibers inhalation, which is
known to cause malignant effects even after decades. Asbestos
is a commercial term encompassing some magnesium sili-
cates which crystallize in fibrous forms, including chrysotile,
Mg3Si2O5(OH)4, by far the most widespread material of this
type. [1,2]. Mineral chrysotile fibers, often containing a wide
range of foreign ions, show different morphologies depending
on the ore growth conditions, which are likely different de-
pending on the mineral source location [2]. They are made up
of cylindrical nanocrystals with a central hole diameter of about
7 nm and an outer diameter ranging between 20 and 50 nm de-
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pending on the number (1 to 3) of the uniaxial concentric tubes.
The typical hollow tubular morphology is due to the layered
structure of chrysotile, which consist of linked (Si2O5)2−

n sheets
inserted between brucite type octahedral layers. Their differ-
ent lateral dimensions lead to a structural mismatch which is
fully compensated by the layers curvature. The surface charge
properties of asbestos fibers have been studied in connection
with their bearing on biological effects. The octahedral sheet of
chrysotile possesses a net positive charge in aqueous solution
and, since this sheet forms the outer layer of the chrysotile fib-
rils, their exterior surfaces are positively charged. The silicate
sheet forming the surface of the interior tube may impart a local
negative charge, but surface charge measurements always show
a significant net positive charge on chrysotile fibers [2,3]. The
ζ -potential measured in neutral solution of chrysotile has been
found to be mainly positive in natural samples from different
sources [4].
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Its compositional and dimensional heterogeneity strongly af-
fects surface chemical adsorption of biological molecules and
macromolecules, including proteins, cell membrane lipids and
nucleic acids, on mineral asbestos fibers, modulating their cy-
totoxicity [5–7], mutagenic responses [8,9] and production of
reactive oxygen species, ROS [10,11]. Geoinspired chrysotile
fibers have been synthesized as a unique phase with definite
structure and morphology [12–14]. They have proved to be an
ideal reference standard to investigate asbestos interaction with
biological systems, in order to elucidate the chemical mecha-
nisms of asbestos toxicity [15,16].

The adsorption on mineral asbestos fibers of serum macro-
molecules, such as fibronectin and albumin, which modify their
solubility, biodurability and biopersistence, has been studied
in order to obtain information on the asbestos fiber phago-
cytosis and toxicity for mesothelial cells [17]. Bovine serum
albumin (BSA), the major plasma protein, is a well-known
globular protein; its secondary structure is essentially α-helical
[18,19]. BSA tendency to aggregate into macromolecular as-
semblies [20] is reported to be related to conformational
changes [21]. Surface adsorption of BSA on geoinspired sto-
ichiometric chrysotile fibers has been recently investigated by
a morphological and spectroscopic analysis, where the BSA-
coated chrysotile nanocrystals exhibit evident modifications of
BSA secondary structure [16].

According to different authors, proteins having low struc-
tural stability, such as albumin, possess a strong tendency
toward structural rearrangements when adsorbed on a non-
biological surface, depending on the surface properties. The
hydrophobic or hydrophilic surface features and charge in both
inorganic and polymeric substrates have been considered in in-
terpreting change in albumin folding, without a thorough analy-
sis of the adsorption/desorption equilibrium involved and the
protein ability to regain the native structure [22–24]. After des-
orption from the surface, either by dilution or by displacement
or by exchange with other protein molecules in solution, the na-
tive structure may actually not be fully reconstituted [25–29]. In
fact, for silica and polystyrene sorbents, the BSA structural per-
turbations are reversible for the neutral hydrophilic surface and
irreversible for the negatively charged hydrophobic surface.

If the native structure is not regained after desorption, re-
vealing a nonreversibility of the adsorption/desorption process,
the structural unfolding and/or misfolding may be close or ap-
preciably different from what observed in the solid-albumin
adduct. As far as the chrysotile is concerned, adsorption of
serum proteins on asbestos fibers has been shown to increase
fiber phagocytosis and toxicity for mesothelial cells [9].

The variability in dimension and composition of the natural
chrysotile fibers may alter the experimental results and hin-
der their contribution toward understanding the mechanism of
asbestos toxicity. The recent availability of geoinspired stoi-
chiometric chrysotile nanocrystals, synthesized with constant
dimension and morphology, which represent a real reference
standard to investigate surface interaction and equilibrium with
biological environment, allows to obtain clear-cut data devoid
of the misleading effects induced by the mineral heterogene-
ity.
This investigation on the stoichiometric synthetic chrysotile
nanocrystals is the first approach toward a deeper attempt to
use standard synthetic chrysotile reference samples opportunely
tailored with foreign ions in order to gradually reproduce the
different surface features typical of mineral chrysotile.

2. Materials and methods

2.1. Chemical reagents

The chemicals used in this study and their sources were as
follows: BSA lyophilized (fraction V, 99% purity) was from
CarloErba, 0.06 M phosphate buffer pH 7.4 was from Riedel-de
Haen, MgCl2·6H2O (98% purity) and NaOH (ca. 3 mm flakes,
97% purity) were from Sigma–Aldrich.

2.2. Synthetic stoichiometric chrysotile nanocrystals

Stoichiometric chrysotile fibers were synthesized as a unique
phase by means of hydrothermal reactions under controlled
conditions [12,13] MCM41 (average pore size of 3.9 nm
and specific area surface of 910 m2/g) was used as a silica
source [14] instead of reported silica gel, in order to satisfy
the necessary required purity of the reactants in terms of metal
ions. The reaction was carried out mixing MCM41 in 0.1 M
MgCl2 aqueous solution; the Si/Mg molar ratio was 0.68. The
pH was raised to 13.0 by adding 1 M NaOH solution, and then
the hydrothermal treatment at 82 atm and 300 ◦C for 24 h was
performed. The above reported reaction conditions allowed to
obtain chrysotile nanocrystals as a unique stoichiometric phase
with constant chemical composition, structure, crystallinity,
size, morphology and surface area [14] (Fig. 1).

2.3. Synthetic chrysotile ultrasonicated

A water suspension of those chrysotile mixtures (50 mg/

30 ml) was ultrasonicated (model ultrasonic UTA, Falc) for
2 min.

Fig. 1. TEM image of synthetic stoichiometric chrysotile nanofibers showing
their hollowed tubular structure with a central hole diameter of about 7 nm and
the “typical cylinder-in-cylinder” morphology.
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2.4. Transmission electron microscopy analysis

Transmission electron microscopy images were obtained us-
ing a Philips TEM CM100. Samples were suspended in doubly
distilled water and sonicated for 2 min in order to disaggregate
the particles without any additional treatment. A drop of the
chrysotile suspension was transferred onto holey carbon foils
supported on conventional copper microgrids.

2.5. BSA-chrysotile adduct preparation

BSA was purchased from Carlo Erba (lyophilized) and used
as received. Protein solutions were prepared by dissolution of
BSA in 0.01 M phosphate buffer pH 7.4 and used immediately.
The adsorption experiments were performed in polypropylene
centrifuge tubes containing the proper amount of synthetic
chrysotile to achieve an adsorption area of 2.2 m2 and 10 ml
of liquid. Different protein concentrations were prepared by
adding phosphate buffer to the protein solution ranging from
0.3 to 2.5 mg ml−1. During incubation, the tubes were rotated
during 12 h end-over-end at 37 ◦C. The samples were then
centrifuged and the protein concentration in the supernatant
was measured by UV spectroscopy. The amount of adsorbed
protein was calculated from the difference in the concentra-
tion between the initial and equilibrated solution. Adducts were
then lyophilized from the buffer solution at −40 ◦C until they
reached a constant weight.

2.6. Surface area measurements

The specific surface area was determined by N2 adsorp-
tion at 77 K using an automatic gas-volumetric apparatus
(ASAP 2010, Micromeritics), and adopting the well-known
BET method [30].

2.7. UV spectroscopy

The concentration of BSA solutions was determined by
spectrophotometric analysis, by recording UV–vis spectra be-
tween 200 and 300 nm with a Perkin Elmer Cary 5 UV–vis-NIR
spectrophotometer against a blank buffer solution. The mea-
surements were performed using 1 cm quartz cell. The extinc-
tion coefficient of BSA at 280 nm in phosphate buffer pH 7.4
was 45,000 M−1 cm−1.

2.8. FTIR analysis

FTIR measurements were carried out on the samples lyophi-
lized from the buffer solution. The infrared spectra were mea-
sured from 4000 to 400 cm−1 with 2 cm−1 resolution using a
Bruker IFS 66v/S spectrometer. The sample compartment at-
mosphere had a total pressure of 2 mbar of air dried to an
atmospheric dew point of −40 ◦C (pH2O ≈ 13 Pa) by means of
a Balston 76-01 Membrane Air Dryer. Other settings include an
8 mm aperture, 16 scans, velocity 10 kHz, DLATGS detector,
and a 3-term Blackman–Harris apodization function. KBr pel-
lets were obtained under vacuum, using 2 mg of the powdered
samples carefully mixed with 200 mg of infrared grade KBr.
Fourier self-deconvolution and second derivative resolu-
tion enhancement were applied to narrow the widths of in-
frared bands and increase the separation of the overlapping
components. The resolution enhancement resulting from self-
deconvolution and the second derivative is such that the number
and position of the component bands to be fitted are deter-
mined. The curve-fitting was carried out employing BRUKER
OPUS peak software (version 4.0). The number of bands was
entered into the program along with their respective positions
and half-heights. The program iterates the curve-fitting process
to achieve the best Gaussian-shaped curves that fit the protein
spectrum. A best fit is determined by the root mean square (rms)
of differences between the original protein spectrum and the
sum of all individual resolved bands. The assignment of compo-
nent bands in amide I has been done according to the literature
data. The percentages of each secondary structure were calcu-
lated from the integrated areas of the component bands.

2.9. Circular dichroism

The CD spectra were recorded at room temperature on a
JASCO spectropolarimeter, model J-715 (Tokyo, Japan), in
10 mM phosphate buffer pH 7.4. Quarz cuvettes of 0.1, 1, 2,
and 5 cm path length were employed. The spectra were scanned
between 190 and 260 nm with 0.2 nm resolution; 8 scans were
accumulated with a scanning speed of 50 nm/min and a time
constant of 1 s, and the buffer baseline was subtracted from the
averaged spectra. Spectral analysis was performed by fitting the
measured spectra with reference spectra based on the CD curves
of poly-L-lysine with varying amounts of α-helix, β-sheet,
β-turn, and random coil conformations. Reference spectra were
described by Greenfield and Fasman [31] and Yang [32]. Fit-
ting of the measured spectra was performed by a non-linear
regression procedure, using the JASCO SSE-338 program that
compares the actual protein spectrum, from 190 to 260 nm, with
reference spectra [32]. Final spectra are presented in molar el-
lipticity.

The samples of BSA “before adsorption” were prepared with
a protein concentration ranging between 0.3 and 2.5 mg ml−1

following the procedure described. Each solution was incubated
and centrifuged exactly as the samples containing chrysotile
fibers. The samples “after adsorption” were obtained from the
supernatant solutions.

2.10. SDS/PAGE analysis

Exchanged BSA solutions were concentrated to about 3 mg/

ml and then diluted 1:1 with sample buffer (Tris buffer pH
6.8/glycerol/bromophenol blue). The SDS/PAGE (8% gel)
was performed under native conditions by the method of
Laemmli [33] and the gel was stained with Coomassie Blue.

3. Results and discussion

3.1. BSA adsorption on chrysotile nanocrystals

The adsorption of BSA on stoichiometric synthetic chryso-
tile fibers is reported as an isotherm in Fig. 2, where the
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Fig. 2. Adsorption isotherm of BSA on chrysotile nanocrystals at pH 7.4
(10 mM phosphate buffer) and room temperature reporting the adsorbed pro-
tein amount, ΓBSA (mg/m2), versus the protein concentration after adsorption,
CBSA (mg/ml).

adsorbed amount, ΓBSA, (mg/m2) is plotted against the pro-
tein concentration in phosphate buffer solution at pH 7.4 af-
ter adsorption, CBSA (mg/ml). The plot is characterized by
an initial slope showing the protein affinity for the interface
up to the adsorption saturation, yielding a plateau value cor-
responding to the maximum amount of protein adsorbed, about
2.6 mg/m2 of BSA. The observed ΓBSA value is dissimilar from
that found for BSA on different sorbent surfaces such as sil-
ica, polystyrene [25] and hydroxyapatite [26], where it ranged
from 1.1 to 1.48 mg/m2, while is closer to that found on titania
(2 mg/m2) [26]. Blomberg et al. [34], on the other hand, ob-
served a maximum adsorption of BSA on natural chrysotile cor-
responding to a ΓBSA value of 1.6 mg/m2. Actually, the greater
amount of albumin that can be linked to synthetic chrysotile
with respect to mineral chrysotile has been shown by spectro-
scopic methods and ascribed to a different substrate accessibil-
ity [16].

The increase of BSA concentration in the buffer solution
in contact with chrysotile increases the surface coverage, un-
til completion takes place using a BSA starting concentration
of 2.5 mg ml−1 on 40 mg of chrysotile fibers. When the plateau
value is reached in the adsorption isotherm, probably a mono-
layer of BSA molecules has been deposited. Part of this is likely
loosely packed due to the repulsive lateral electrostatic interac-
tions between BSA molecules, which carry a net charge of −18
at pH 7 [35], and their probable unfolding to optimize adsorp-
tion. As a matter of fact, at an intermediate BSA concentration
(about 0.6 mg/ml of protein in solution after adsorption) a kink
can be appreciated along the isotherm, consistent with a proba-
ble bimodal binding of BSA to the surface, according to either
a transition of a disorder/order kind during adsorption or a side-
on/end-on molecular orientation during deposition. Evidence
for this latter hypothesis has been put forward by different au-
thors [36,37].

The adsorption data were fitted to the Langmuir (1) and Fre-
undlich (2) equations [38,39]
Table 1
Values of the Langmuir and Freundlich constants for BSA adsorbed on the
chrysotile surface

Langmuir Freundlich

Qmax
(mg/g of
support)

aL
(ml/mg)

r2 KF
((mg/g of
support)/
(mg/ml)−1/n)

1/n r2

First step 6666 71 0.980 126 0.25 0.972
Whole isotherm 5814 52 0.880 138 0.26 0.985

(1)Qe = QmaxCe

(1/aL) + Ce
,

(2)Qe = KFC
1/n
e ,

where Ce is the concentration of BSA in solution at equilibrium
(mg/ml), Qe is the amount of BSA adsorbed onto the support
(mg/g of support), Qmax is the maximum adsorption capacity
of the support (mg/g of support), aL is the Langmuir constant
(ml/mg), KF is the Freundlich adsorption coefficient ((mg/g
of support)/(mg/ml)−1/n), and 1/n is the heterogeneity factor
(adimensional).

The Langmuir isotherm assumes an energetically homoge-
neous support surface with identical adsorption sites through-
out. Therefore these sites are expected to hold equal number
of BSA molecules and a monolayer is formed. Moreover, the
Langmuir formula implies highly favorable and irreversible
adsorption. On the other hand, according to the Freundlich
isotherm, the adsorbent surface is considered energetically het-
erogeneous with non identical adsorption sites.

The calculated values for the Langmuir and Freundlich con-
stants for BSA adsorbed on the chrysotile surface are reported
in Table 1, using both data related to the first step of the
isotherm and to the complete isotherm.

When the term 1/n is closer to 1.0, the surface is character-
ized by a high degree of homogeneity. A value of 0.26 shows
a high level of surface heterogeneity due to the typical tubu-
lar morphology of chrysotile nanocrystals [13] in spite of the
homogeneous distribution of the surface chemical groups. The
adsorption isotherm can be well described by the Langmuir
model for the first step, while the whole isotherm is better de-
scribed by the Freundlich model, as shown by the correlation
coefficients. The Qmax values reported in Table 1 are well con-
sistent with the ones previously reported by Valerio et al. on
mineral chrysotile [40].

Adsorption process is described by the initial phase of the
binding curve, which is hyperbolic, indicating that BSA mole-
cules bind independently and without interacting with each
other on the surface. Fitting of the hyperbolic plot enables to
calculate the binding constant K1 = (3.0 ± 0.4) × 106 M−1.
Deposition of this initial layer of BSA molecules diffuses a par-
tial negative charge on the surface, so that binding of further
molecules of BSA occurs with lower affinity. The weaker inter-
action with the surface by the latter group of BSA molecules
makes the eventual structural rearrangements occurring in the
deposition process of minor entity, as shown by both FTIR and
CD evidence on the BSA-coated chrysotile nanocrystals and
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Fig. 3. The biphasic binding isotherm of BSA on chrysotile nanocrystals at pH
7.4 (10 mM phosphate buffer) and room temperature at different surface cov-
erage: [BSA]0 = initial BSA concentration, [BSA]free = BSA concentration in
solution after interaction with chrysotile.

the exchanged protein molecules, respectively (see below). The
affinity of the second, saturating layer of BSA molecules can
be deduced by the second step in the binding isotherm, after
the initial tract, that could also be reasonably well fitted with a
hyperbolic curve, as shown by the inset in Fig. 3. The binding
constant derived for this process, K2 = (2.5 ± 1.3) × 105 M−1,
assumes an average strength of interaction between the BSA
molecules and the sorbent surface.

Therefore, in the initial step of the isotherm, BSA molecules
adsorb with high binding constant on the free substrate; in the
second step, corresponding to a medium to high coating extent,
protein–protein interactions begin to occur, leading to a signifi-
cantly smaller binding constant.

3.2. BSA structural modifications

3.2.1. BSA-coated chrysothile nanocrystals
In order to investigate BSA structural modifications in

BSA-coated chrysotile nanocrystals as a function of protein
concentrations and, as a consequence, surface coverage, the
lyophilized solid samples obtained after centrifugation of sus-
pensions were examined by FTIR spectroscopy. Deconvolution
of the integrated area of FTIR spectra allowed an evaluation of
the percentage content of each secondary structure by Gaussian
curve-fitting using one spectral region, according to the liter-
ature data [16,23,24,40–42]. Fig. 4 reports an overlap of the
original FTIR spectra for BSA-coated chrysotile nanocrystals at
high (a), medium (b), and low (c) surface coverage (Γ ), where
a shift at higher wavenumbers is clearly evident for increasing
Γ values. Fig. 5 reports the Gaussian curve fitting of the FTIR
spectra in the 1750–1600 cm−1 (amide I bands) for the BSA-
coated chrysotile nanocrystals at low (0.3 mg/ml ), medium
(1.0 mg/ml) and high (2.5 mg/ml) BSA starting concentration
(a, b, and c), respectively.

The secondary structure elements of BSA adsorbed on the
chrysotile surface are reported in Table 2, where a quantita-
tive evaluation of the secondary structures as a function of
Fig. 4. FTIR spectra obtained from: (a) lyophilized BSA-coated chrysotile
nanocrystals at ΓBSA = 0.9 mg m−2; (b) lyophilized BSA-coated chrysotile
nanocrystals at ΓBSA = 1.7 mg m−2, (c) lyophilized BSA-coated chrysotile
nanocrystals at ΓBSA = 2.6 mg m−2 in KBr pellets. The IR absorbance is in
arbitrary units.

the surface coating extent is shown using the low, medium
and high protein concentrations pointed out in Fig. 2. Albu-
min interaction with the substrate when the surface coating
extent increases induces an appreciable β-sheet and random
coil amount decrease, while the α-helix and β-turn content
increases. These results are in good agreement with the pro-
tein structural changes observed in our previous paper for a
much lower Γ value (0.18 mg m−2) [16]. However, the present
results obtained using a range of protein concentration show
clearly that the greater differences in protein conformation are
appreciable between the low and medium surface coating ex-
tent, where the protein-surface interaction is prevailing on the
protein–protein interactions, due to the greater accessibility of
the surface and the strong electrostatic effect that it can exerts.
The protein-protein interactions become predominant when the
substrate starts to be mostly covered by albumin and the elec-
trostatic component becomes less significant. These findings
are consistent both with the trend of the adsorption isotherm,
displaying a kink for an intermediate BSA concentration (see
Fig. 2), and with the two different binding constants calculated
for the albumin molecules, which demonstrate a bimodal inter-
action mechanism (see above).

As for BSA secondary structure, β structures appear to be
the ones more involved in the surface adhesion process adsorp-
tion. In fact, as the β-turn (or hairpin) structures are concen-
trated on the exterior of the protein, their increase is related
to the extent of protein unfolding in order to expose the in-
terior regions. This change in secondary structure is probably
driven by the formation of surface-mediated hydrogen bonds,
with the polar aminoacidic side-chain groups pointing outwards
and serving as sites for molecular recognition with the hydrox-
ilic substrate groups.

3.2.2. BSA desorbed from chrysotile nanocrystals
The far-UV CD spectra of BSA before adsorption and af-

ter the interaction with the surface of synthetic chrysotile fibers
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(a) (b)

(c)

Fig. 5. (a) FTIR spectra and their Gaussian curve-fitting obtain from: (a) lyophilized BSA-coated chrysotile nanocrystals at ΓBSA = 0.9 mg m−2, (b) lyophilized
BSA-coated chrysotile nanocrystals at ΓBSA = 1.7 mg m−2, (c) lyophilized BSA-coated chrysotile nanocrystals at ΓBSA = 2.6 mg m−2 in KBr pellets, where the
component bands of the protein vibration modes amide I are shown. The IR absorbance is in arbitrary units.

Table 2
Secondary structure elements (%) from deconvolution of FTIR spectra of the BSA lyophilized powder and BSA-coated chrysotile nanocrystals. Results from CD
spectra of BSA before adsorption and after exchange from chrysotile nanocrystals are also reported

ΓBSA (mg m−2) % adsorbed α-Helix β-Sheet β-Turn Random coil

BSA-coated chrysotile nanocrystals 0.9 86 5.6±0.5 4.4±0.2 59.4±1.3 30.7±0.7
1.7 45 6.4±2.2 2.2±1.5 65.8±1.1 25.9±0.7
2.6 31 10.0±1.7 0.6±0.1 66.5±3.6 23.0±2.2

BSA before adsorption 0 57±2 7±1 0±1 36±2

BSA after exchange on chrysotile 2.6 31 53±2 15±1 0±1 32±2
1.7 45 46±2 22±1 3±1 29±2
0.9 86 36±1 23±1 10±1 31±2

Note. The standard deviation was calculated by comparing the fits observed in separate experiments under the same experimental conditions.
at different protein concentrations are reported in Fig. 6. This
shows that the extent of structural changes in BSA resulting
from desorption on synthetic chrysotile depends on the surface
coverage, with structural rearrangements being more evident
at low protein concentration. As indicated by the adsorption
isotherm, Fig. 2, at low protein concentration in solution the
surface coverage is also low. In these conditions, BSA depo-
sition occurs with a strong interaction with the sorbent sur-
face and involves large structural modification of the protein
molecules upon adsorption. The structural modification of pro-
tein molecules undergoing subsequent deposition is less pro-
nounced. In fact, molecules arriving at the surface relatively
free of the positively charged substrate have more chance to
readjust their structure than when higher is the amount of pro-
tein interacted with the inorganic chrysotile surface. As a conse-
quence, at lower surface coverage structural reorganizations are
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Fig. 6. CD spectra of BSA before adsorption (dark blue) and after being ex-
changed from chrysotile nanocrystals at different surface coverage: ΓBSA =
2.6 mg m−2 (blue), ΓBSA = 1.7 mg m−2 (azure), ΓBSA = 0.9 mg m−2 (pale
blue).

more evident. The nature and extent of the changes in secondary
structure undergone by BSA molecules can be deduced from
the CD spectra, through secondary structure calculations [31].
The results are summarized in Table 2, together with the ones
obtained from a sample of a native BSA solution (1 mg/ml).

In solution, a decrease in α-helix structure is clearly ob-
served for BSA molecules exchanged from the synthetic
chrysotile surface, while the percentage of β-sheet and β-turn
structures increased appreciably. The reduction in α-helix con-
tent is in agreement with what observed for BSA adsorption
on different sorbent surfaces, such as polystyrene [25], titania
and hydroxyapatite particles [26], but contrasts with the lack
of changes in secondary structure for BSA adsorption on sil-
ica [25]. The increase in β structure in the exchanged BSA
molecules could in principle be ascribed to a process of protein
aggregation through both intermolecular disulfide exchange
and hydrogen bonding, as suggested by the investigation of
mechanical properties of BSA solutions [37]. However, no ap-
preciable oligomerization of the exchanged protein has been
put in evidence through SDS/PAGE experiments under non-
denaturing conditions (data not shown). The lack of extensive
changes at disulfide bridges is confirmed by the CD spectra
of the protein upon interaction with chrysotile. As shown in
Fig. 7, the CD spectrum of BSA at pH 7.4 in the aromatic re-
gion features a broad negative envelope exhibiting two minima
at 262 and 268 nm, two poorly defined shoulders near 276 and
283 nm, and a better defined shoulder at 290 nm, in accordance
with previous findings [43]. The CD peaks at 262 and 268 nm
have been assigned to disulfide transitions and that at 290 nm
to tryptophan transitions, while the bands at intermediate ener-
gies are mostly contributed by tyrosine absorptions [44]. Upon
exchange of BSA molecules adsorbed on chrysotile at low sur-
face coverage, the CD peaks at 262 and 268 nm become better
defined (Fig. 7), but the general shape of the CD curve is lit-
tle affected. For the BSA molecules exchanged at high surface
coverage, the CD spectral changes are less relevant, although
Fig. 7. Near-UV CD spectra of BSA (about 0.2 mg/ml) in 10 mM phosphate
buffer pH 7.4: (a) before, and (b) after exchange on chrysotile at medium sur-
face coverage.

a slight broadening of the 262-nm peak can be noted (data
not shown). Thus, the marked structural changes undergone by
BSA upon desorption from chrysotile are not accompanied by
significant changes in the environment of the cystinyl residues.

The helix → β transition undergone by BSA exchanged on
a chrysotile surface resembles the acid-induced transformations
of the protein down to very acidic pH [45,46], where the pro-
tein appears to be expanded to the full extent that is allowed by
the disulfide bonding network. Here the tendency to assume a
most extended structure is dictated by the contacts that the pro-
tein surface establishes with the polar sorbent. As it is apparent,
this effect produces a more relevant loss of structure than the
acid-induced unfolding process, particularly in the conditions
of strong BSA-chrysotile interaction, i.e., at low surface cover-
age.

The CD spectra of BSA exchanged solutions have been
recorded at different times, upon standing of the samples at
room temperature up to two weeks, to assess further modifi-
cations and the possible reversibility of the structural changes
undergone by the protein. No appreciable CD spectral change
was observed within 3 days; but small spectral changes oc-
curred after standing of the BSA solution for 5 days, and more
extensive changes at longer time, up to complete “flattening
out” of the CD spectrum after two weeks. Fig. 8a reports the
CD spectra obtained for an exchanged BSA solution at an ini-
tial concentration of 0.98 mg/ml after 2 and 72 h, respectively.
Fig. 8b compares the CD spectra of the exchanged BSA solu-
tion after 2 h standing with the same solution after 5 and 14 d,
respectively.

These findings strongly support the irreversible nature of
the BSA structural modifications induced by interaction with
a chrysotile surface. Although sulfidryl groups apparently are
not involved in stabilizing protein modifications, hydrophobic
interactions, as a result of exposing interior regions and, possi-
bly, the reactive Cys34 thiol group, may be invoked.

The irreversibility of the structural modifications induced on
BSA after desorption from the nanocrystals surface resembles
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(a)

(b)

Fig. 8. (a) CD spectra obtained from a BSA solution at an initial concentration
of 0.98 mg/ml in 10 mM phosphate buffer pH 7.4 after 2 h (blue) and 72 h
(red) from the exchange on chrysotile, respectively, (b) CD spectra of the BSA
solution at an initial concentration of 0.98 mg/ml after 2 h (blue), compared
with the same solution after 5 d (dotted green) and 14 d (dashed red) from the
exchange on chrysotile.

what observed for a hydrophobic and a only moderately hy-
drophobic sorbent such as polystyrene [23] and titania [24]. It
is remarkable that the hydrophilic silica surface does not induce
irreversible structural modifications on BSA [23], suggesting a
determining role for the octahedral outer layer and ruling out
any protein interaction with the hollow nanotubes core.

4. Summary

The results of this study define interaction and relative ad-
sorption/desorption equilibrium of asbestos fibers with serum
proteins, which certainly affect their biopersistence and bio-
durability. The use of synthetic chrysotile nanocrystals with
controlled stoichiometry, structure, morphology and ζ -potential
avoids the effects of the well-known heterogeneity of mineral
chrysotile fibers, allowing to obtain a clearer picture of the sur-
face chemical reactivity.

FTIR spectroscopy has been successfully used to quantify
structural modification in BSA-coated chrysotile nanocrystals
as a function of the surface coating extent. A comparison be-
tween the values of secondary structure modifications allows to
ascertain that structural modifications follow the assumed bi-
modal adsorption, well described by the Langmuir model for
the first step of the adsorption isotherm, and by the Freundlich
model for the whole isotherm.

Circular dichroism spectroscopy has allowed to investigate
BSA structural rearrangements after desorption in the surnatant
solutions. A significant β-structures increase in solution for the
BSA molecules desorbed from the chrysotile nanocrystals leads
to expose the interior protein regions, suggesting a different
protein reorganization in solution after exchange from the inor-
ganic surface. In fact, in the solid state BSA modifications are
driven by surface interaction with the substrate while BSA des-
orbed in solution is able to rearrange, in the lack of substrate,
although keeping irreversible modifications with respect to the
native species.

In conclusion, when investigating asbestos interaction with
biological environment, two main findings have to be taken into
account: the formation of Langmuir-type monolayer around the
chrysotile nanocrystals forming a protective coating and a fur-
ther BSA deposition through protein–protein interaction, which
in vitro are not able to regain the native conformation. The ge-
omimetic features of the synthetic chrysotile used in the present
study emphasize the importance of these standard synthetic
samples in mimicking the behavior of asbestos fibers and allow
to better understand their interaction with a biological environ-
ment.
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