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Introduction

Chrysotile is the main form of asbestos, the commercial
term referring to a group of fibrous silicates with high ten-
sile strength, fire and heat resistance, chemical inertia, and
electrical resistivity. Because of these properties, chrysotile
fibers have been widely utilized for many industrial applica-
tions and account for approximately 95% of manufactured
asbestos.[1]

The layered structure of chrysotile, (Mg3Si2O5(OH)4), con-
sists of linked (Si2O5)n

2� sheets inserted between brucite-
type octahedral layers. On one side, two from every three
hydroxyl groups are replaced by apical oxygen of the tetra-
hedral silica. The sheets of tetrahedral silica have a lateral
dimension smaller than that of the magnesium hydroxide oc-
tahedral sheets, resulting in a structural mismatch that is

fully compensated by the curvature of the layers. The struc-
ture of single crystals of chrysotile is thus characterized by
tetrahedral and octahedral layers curled concentrically or
spirally, usually around the x axis (orthochrysotile) and
seldom around the y axis (parachrysotile), into a tubular
structure of about 20–50 nm in diameter. The rolls possess
hollow cores with a diameter of about 7–8 nm, because the
layers cannot withstand a curvature that is too tight.[2]

Mineral chrysotile fibers show different structures (coni-
cal, cone-in-cone, cylinder-in-cylinder, polygonal, and spiral-
ly concentric tube), depending on the ore growth conditions,
which probably differ according to the mineral source loca-
tion. The chrysotile morphologies and structures have been
widely investigated by using X-ray diffraction,[3] electron mi-
croscopy and electron diffraction.[4] Isomorphic substitutions
of Mg and Si cations are favored and occur frequently;
therefore, variable stoichiometry is characteristic of the nat-
ural chrysotile.[5,6]

Stoichiometric single nanocrystals of chrysotile were re-
cently synthesized as a unique phase with definite structure,
morphology, and chemical composition. They consist of
nanocrystals showing single-cylinder and two-cylinders mor-
phology, with a central hole diameter of 7�1 nm and an
outer diameter of 20�2 nm (single cylinder) and 50�3 nm
(two cylinders).[7,8] These chrysotile nanocrystals may be
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used as a standard for the study of their physicochemical
properties and interaction with biological systems.

The health hazards associated with asbestos are well
documented and its deleterious environmental effects are
well known.[9] Unfortunately, the mechanisms that link ex-
posure to asbestos fibers and the subsequent development
of fibrogenesis (asbestosis) and carcinogenesis (broncho-
genic carcinoma and mesothelioma) are largely unknown.
Several investigations have indicated that asbestos toxicity
may be related to the production of reactive oxygen species
(ROS) and other free-radical species, and genetic factors
may predispose the development of pathologies.[10,11] The ca-
pability of asbestos fibers to enhance ROS production de-
pends on two features of the fibers; their chemistry and
their morphology.[12–14] The physicochemical properties of as-
bestos fibers are also responsible for their solubility, biodur-
ability, and biopersistence.[15] The fibers@ properties that are
related to their cytotoxicity[16,17] and mutagenic responses[18]

are strongly affected by the surface chemical adsorption of
biological molecules and macromolecules, such as proteins,
cell-membrane lipids, and nucleic acids.[12] Alterations in
these essential cellular components can alter cell functions
and hence drive the cell to either neoplastic transformation
or apoptosis. The adsorption of serum macromolecules, such
as fibronectin and albumin, onto mineral asbestos fibers has
been studied to obtain information about the phagocytosis
and toxicity of asbestos fibers for mesothelial cells.[19] Albu-
min, the major plasma protein, is a highly soluble protein
that can be prepared at concentrations of up to 30%
(w/v).[20] This property is related to its negative charge at
neutral pH. The amino acid sequence of albumin is charac-
terized by unusually high percentages of cysteine (35) and
charged amino acids, and low percentages of tryptophan,
glycine, and methionine.[21,22] Additionally, and unusually for
extracellular proteins, it possesses a single, free sulfhydril
(Cys 34) and has no sites for enzymatic glycosylation.[21,23]

The crystalline human serum albumin (HSA) structure is
predominantly a-helical, with the remaining polypeptide ex-
isting in turns and extended or flexible regions between sub-
domains.[24] The heart-shaped HSA molecule is made up of
three homologous domains (I, II, III).[25] Each domain con-
tains two subdomains (A and B) that share common struc-
tural motifs, and each of these can be divided into ten heli-
cal segments.

The three-dimensional structure of bovine serum albumin
(BSA) is believed to be very similar to that of HSA; the
two proteins share 76% sequence identity. The most impor-
tant compositional difference is the presence of more trypto-
phanes in BSA.[26] Results of FTIR investigations of BSA
secondary structures revealed a significant difference be-
tween the aqueous and lyophilized states. In fact, lyophiliza-
tion of proteins generally causes a decrease in a-helix con-
tent and an increase in b-sheet content. The latter is due to
protein–protein interactions that lead to the formation of in-
termolecular b-sheets if water is removed.[27a,b] Indeed, ac-
cording to the authors, BSA in aqueous solution at pH 7.4
shows an a-helix content of 54�6%, whereas lyophilized

BSA has an a-helix content of 31�3%; b-sheet content is
about 8�3% in aqueous BSA versus 22�3% in lyophilized
BSA. The remaining secondary structures are present at
38�1% in solution and 47�3% in the lyophilized powder.

Morgan has studied the adsorption of HSA onto various
mineral asbestos fibers and showed that adsorption involves
only the external surface of the fiber and the equilibrium
between protein in solution and adsorbed protein is reached
within a few minutes.[28] In the last decades, the adsorption
of albumin onto mineral asbestos fibers has been investigat-
ed by employing X-ray photoelectron spectroscopy
(XPS),[29] FTIR and NMR spectrometries,[30] revealing the
tendency of mineral chrysotile fibers to yield adducts with
albumin. These studies have dealt mainly with electrostatic
interactions between the asbestos surface and albumin, fo-
cussing on the different behaviors of chrysotile and crocido-
lite. No modification induced in the albumin structure by
the interaction with chrysotile fibers has been reported pre-
viously. In addition, the results of these studies are strongly
affected by the structural and compositional heterogeneity
of the mineral chrysotile fibers and by the organic solvents
employed. The current availability of a synthetic standard
chrysotile provides a tool with which accurate studies of the
chrysotile–albumin surface interaction can be performed. In
this paper, we investigate the interaction of BSA with miner-
al and synthetic chrysotile fibers by using FTIR, transmis-
sion electron microscopy (TEM), and atomic force micro-
scopy (AFM) techniques, and show the first morphological
evidence of albumin adsorption onto chrysotile nanocrystals.
This allows us to quantitatively evaluate the protein secon-
dary-structure modifications induced by the electron-donor
sites present on the surface of synthetic chrysotile nanocrys-
tals, which act as a reliable reference standard sample.

Experimental Section

Chemical reagents : Reagents were from Sigma–Aldrich, 0.06m phosphate
buffer pH 7.4 was from Riedel-de Haen Sigma–Aldrich, and BSA was
from Merck.

Mineral chrysotile fibers : UICC (Union Internationale Contre le Cancer)
A (Rhodesian) chrysotile fibers were used.

Synthesis of stoichiometric chrysotile nanocrystals : Stoichiometric chrys-
otile fibers were synthesized as a unique phase by means of hydrothermal
reactions under controlled conditions.[7] MCM41 (average pore size of
3.9 nm and a specific surface area of 910 m2g�1) was used as a silica
source,[8] instead of the reported silica gel, to satisfy the required purity
of the reactants in terms of metal ions. The reaction was performed by
mixing MCM41 in 0.1m aqueous MgCl2 solution; the Si/Mg molar ratio
was 0.68. The pH was raised to 13.0 by adding 1m NaOH solution, then
hydrothermal treatment at 82 atm and 3008C for 24 h was performed.
These reaction conditions allowed us to obtain chrysotile nanocrystals as
a unique stoichiometric phase with constant structure, crystallinity, sizes,
morphology, and surface area.[8]

Preliminary treatment of chrysotile fibers : The natural chrysotile sample
was ground in a mechanical mortar (IKA, model A10) for 30 min at
150 rpm, before its characterization and use. Following mechanical grind-
ing, the fibers partially disaggregate to give a mixture of small fibers and
their constituent nanocrystals. Aqueous suspensions (50 mg/30 mL) of the
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natural and synthetic chrysotile mixtures were ultrasonicated (model ul-
trasonic UTA, Falc) for 20 and 2 min, respectively.

Chrysotile–albumin adduct preparation : A sample (20 mg) of mineral or
synthetic chrysotile was suspended in 0.06m phosphate buffer (25.5 mL,
pH 7.4) at 378C. To obtain the chrysotile–albumin adduct, 0.06m phos-
phate buffer (4.5 mL, pH 7.4) containing 0.45 mm BSA was added to the
above mixtures. All the suspensions, with or without added albumin,
were stirred in a water bath at 378C for 2 h. Successively, the samples
were filtered through nitrocellulose filter (pore diameter 0.8 mm), repeat-
edly washed with deionized water, and then air dried at 378C.

FTIR analysis : Prior to taking FTIR measurements, the samples were
lyophilized from the buffer solution. The infrared spectra were measured
from 4000 to 400 cm�1 with 2 cm�1 resolution by using a Bruker IFS 66v/
S spectrometer. The sample-compartment atmosphere had a total pres-
sure of 2 mbar of air, dried to an atmospheric dew point of �408C (pH2O

�13 Pa) by means of a Balston 76–01 Membrane Air Dryer. Other set-
tings include an 8 mm aperture, 16 scans, velocity 10 kHz, DLATGS de-
tector, and a 3-term Blackman–Harris apodization function. KBr pellets
were obtained under vacuum by using 2 mg of the powdered samples
carefully mixed with 200 mg of infrared-grade KBr.

Fourier self-deconvolution and second-derivative resolution enhancement
were applied to narrow the widths of the infrared bands and to increase
the separation of the overlapping components. The resolution enhance-
ment resulting from self-deconvolution and the second derivative is such
that the number and position of the component bands to be fitted are de-
termined. The curve-fitting was carried out by 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 Gaussi-
an-shaped curves that fit the protein spectrum. A best fit is determined
by the root mean square (rms) of differences between the original pro-
tein spectrum and the sum of all individually resolved bands. The compo-
nent bands in amide I and amide III of BSA were assigned according to
the literature data. The percentages of each secondary structure were cal-
culated from the integrated areas of the component bands in amide I and
amide III, respectively.

TEM images were obtained by using a Philips TEM CM100. Samples
were suspended in doubly distilled water and sonicated for two minutes
to disaggregate the particles, without any additional treatment. A drop of
the chrysotile suspension was transferred onto porous carbon foils sup-
ported on conventional copper microgrids. Samples for AFM were pre-
pared by adsorbing a diluted water suspension of chrysotile (1 mg per
10 mL) onto freshly cleaved mica at room temperature for 10 min. The
mica surface was then thoroughly rinsed with doubly distilled water and
dried under N2 flow. For AFM imaging, a Digital Instruments Nanoscope
IIIa Multimode SPM was used. The samples were imaged in contact
mode by using a J scanner and silicon nitride tips (200 mm long with nom-
inal spring constant 0.06 Nm�1). The images were flattened offline.

Measurement of specific surface area: Specific surface area was determined
by N2 adsorption at 77 K, by using an automatic gas-volumetric apparatus
(ASAP 2010, Micromeritics), and adopting the well-known BET method.[31]

Results and Discussion

Morphological observations were made on natural and syn-
thetic chrysotile fibers. The latter were prepared as a stoi-
chiometric unique phase by performing a hydrothermal re-
action under controlled conditions (see Experimental Sec-
tion). The natural chrysotile used was the UICC A standard
sample. Prior to making the morphological observations, the
samples were ground and sonicated to disaggregate the
fibers into smaller fibers and their constituent nanocrystals.
The samples obtained are hereafter referred to as chrysotile
fibers.

Figure 1a and b show images of the synthetic chrysotile
fibers, obtained by using AFM and TEM, respectively. The
nanocrystals display single-cylinder and two-cylinders mor-
phologies, with a central hole diameter of 7�1 nm and an

outer diameter of 20�2 (single cylinder) and 50�3 nm (two
cylinders). Crystals with “cylinder-in-cylinder” morphology
consist of two concentric layers that, however, do not
extend over the full length of the tube, thereby leading to a
step in the outer wall. However, in natural chrysotile crys-
tals in which the two-cylinders morphology is the most
common, such steps are rare.[8]

Figure 1c and d show images of natural chrysotile, ob-
tained by using AFM and TEM, respectively. The fibers are
composed of single, tubular crystals and exhibit a wide
range in diameter, from 20 to 100 nm, suggesting the pres-
ence of several concentric cylinders. However, the majority
of fibers have diameters similar to those of synthetic fibers.
The morphology of the natural fibers is quite variable and,
together with the cylinder-in-cylinder form, other types of
morphologies, such as cone-capped and cone-in-cone, are
observed. In Figure 1d, one example of a cone-capped crys-
tal is shown. Its uniformity in morphology and size clearly
distinguish the synthetic chrysotile from the natural chryso-
tile.

The surface area of synthetic chrysotile fibers, measured
by using the BET method,[31] is 55 m2g�1, which is twice that

Figure 1. Morphological comparison between natural and synthetic chrys-
otile crystals. a) and c): AFM images of synthetic and natural chrysotile,
respectively. b) and d): TEM images of synthetic and natural chrysotile,
respectively. In a) and c) the scale bar represents 1 mm.
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of natural UICC A fibers (ca. 27 m2g�1).[32] It is well known
that the surface area is strictly related to the fiber dimen-
sions. The samples were ground and sonicated before BET
measurements were taken. The natural chrysotile fibers are
larger than the synthetic fibers, and a lengthy disaggregation
treatment would be necessary to reduce their average size
to that of the synthetic fibers. However, such treatment in-
duces significant changes in the degree of crystallinity and
surface properties of the mineral fibers.[33] Because this
study concerns investigation of the surface interaction be-
tween chrysotile fibers and serum albumin, we chose to use
different surface areas in the natural and synthetic samples
instead of introducing modifications in the surface structure.

Chrysotile–albumin adducts were prepared by an opti-
mized procedure in which pH and temperature were chosen
close to physiological values to reduce protein denaturation
and enable data of the highest biological relevance to be ob-
tained. Under the same experimental conditions (pH 7.4
and 378C), it was found that 1 g of natural chrysotile was
able to adsorb about 3 mg of albumin, whereas 1 g of syn-
thetic chrysotile adsorbed about 30 mg of albumin. The
amount of linked albumin was determined by using the
spectrophotometric method. The result obtained is very
close to that observed by Valerio et al., who used samples of
natural chrysotile treated with ultrasound and a different an-
alytical method.[34] The difference in the amounts of albumin
adsorbed onto synthetic and natural chrysotile is related to
the different surface area of the fibers, and hence expected.
In addition, the amount of albumin adsorbed per unit area
of chrysotile is notably higher for the synthetic (600 ng per
m2) than for the natural (100 ng per m2) sample, although
this could be partially related to the different accessibility of
the surfaces.

The interaction between chrysotile and albumin was al-
lowed to take place at pH 7.4, at which point albumin (z po-
tential=5.8) and chrysotile (z potential=9.2) are predomi-
nantly negatively and positively charged, respectively. Thus,
an electrostatic interaction should facilitate the adhesion be-
tween albumin and chrysotile. However, the stability of this
interaction might be governed by other chemical interac-
tions, such as hydrogen bonds.

Chrysotile–albumin adducts were characterized first mor-
phologically, and then by infrared spectra. In the AFM and
TEM images obtained from synthetic chrysotile–BSA ad-
ducts, the BSA coverage of the chrysotile nanocrystals can
be observed. The AFM image (Figure 2a) shows an aggre-
gate of synthetic chrysotile nanocrystals. The protein acts as
glue among the nanocrystals and induces fibers aggregation.
In the TEM images (Figure 2b), some isolated chrysotile–al-
bumin adducts are shown. The thickness of the dry protein
layer on the crystal surface is not uniform and varies even
within the same crystal. This indicates that several protein
layers are deposited onto the crystal surface; in addition,
the protein evidently bridges single nanocrystals. Figure 2c
and d show TEM and AFM images, respectively, of the nat-
ural chrysotile–albumin adducts. These adducts are charac-
terized by a large variability in protein mineral coverage

and protein mineral aggregation properties; this could be
due to the characteristically heterogeneous morphology and
composition of the mineral fibers.

FTIR spectra obtained from natural and synthetic chryso-
tile samples revealed only limited differences in their char-
acteristic absorption bands. In the natural chrysotile FTIR
spectrum, a general band-broadening, related to low crystal-
linity, and a minimal band-shift, due to the presence of trace
amounts of foreign ions, were observed.[8,35] Because the nat-
ural chrysotile presents extensive morphological heterogene-
ity and the different samples differ drastically in crystallinity
and the presence of foreign ions, the structural changes asso-
ciated with the interface interaction between albumin and
chrysotile were studied by using nanocrystals of stoichiomet-
ric synthetic chrysotile.[7,8]

The FTIR spectra of synthetic chrysotile, BSA, and the
adduct chrysotile–BSA were compared within the range
4000–400 cm�1. The assignments of the adsorption bands of
the chrysotile, the lyophilized BSA, and the lyophilized
chrysotile–BSA adduct are reported in Table 1. The absorp-
tion bands of chrysotile and BSA are in agreement with
those from literature data.[36a–e] In the FTIR spectrum re-
corded for the chrysotile–BSA adduct, all the characteristic
chrysotile and protein FTIR absorption bands are present,
however, band-shift and absorption-intensity changes are
observed.

Figure 3a and b show the FTIR spectra of the chrysotile
and the chrysotile–BSA adduct, respectively, within the
range 1200–400 cm�1. Differences between the chrysotile
and the adduct were observed: the shift of the absorption
band at 1080 cm�1 to 1085 cm�1, attributed to the out-of-

Figure 2. Morphological comparison between natural and synthetic chrys-
otile–BSA adducts. a) and c): AFM images of synthetic and natural
chrysotile–BSA adducts, respectively. b) and d): TEM images of synthetic
and natural chrysotile–BSA adducts, respectively. In a) and d) the scale
bar represents 1 mm.
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plane symmetric n(Si�O) vibration, and the shift of the ab-
sorption band at 484 cm�1 to 471 cm�1, attributed to the
chrysotile outer Mg�OH vibration. Consistent with this var-
iation, the Mg�O vibration modes at 607 cm�1 and 584 cm�1

are also shifted slightly to lower wavenumbers. These data
indicate an interaction between the protein and the chryso-
tile OH groups of the surface brucite layer. Therefore, the
observed shift of Si�O vibration bands following albumin
adsorption may indicate that albumin is also entering the
hollow core of the crystal. In fact, the tetrahedral layer is ex-
posed to the solution only in the interior of the tube and at
the edges.

The conformational changes in the protein induced by ad-
sorption onto the chrysotile surface were evaluated by using
FTIR spectroscopy. An evaluation of the percentage content
of each secondary structure was carried out based on a
range for each conformation defined according to literature
data.[37–41] The spectral data for both the amide I and amide
III regions were analyzed to validate the band assignments
by using two different spectral regions. Figure 4 shows the
original and curve-fitted FTIR spectra of the amide I and
amide III bands before and after the interaction of protein

with chrysotile. Analysis of the FTIR spectra of free lyophi-
lized BSA by Gaussian curve-fitting revealed an a-helix
content of 31�1% for the amide I region and 31�2% for
the amide III region. The content of b-sheet structure is
22�1% for the amide I region and 24�3% for the amide
III region. In addition, the content of random structure is
22�3% for the amide I region and 24�2% for the amide
III region. Finally, free BSA shows a b-turn content of 24�
1% for the amide I region and 20�3% for the amide III
region. We also determined the secondary structure of BSA
after interaction with synthetic chrysotile. The a-helix con-
tent was 30�2% for the amide I region and 29�2% for
the amide III region. The content of b-sheet structure is
14�3% for the amide I region and 13�3% for the amide
III region. In addition, the content of random structure is
22�3% for the amide I region and 23�2% for the amide
III region. Finally, free BSA shows a b-turn content of 35�
2% for the amide I region and 34�3% for the amide III
region. Table 2 summarizes the percentages of secondary
structures in lyophilized BSA before and after interaction
with chrysotile, together with literature data for BSA in
aqueous solution for comparison.[38] Whereas the a-helix
content is almost constant (about 30%), a significant de-
crease in the b-sheet content (from about 23% to about
14%) is found by comparing the free lyophilized BSA with
the lyophilized BSA in the adduct. A significant increase in
b-turn content, from about 20–24% to about 34%, and no
variation in random structure are associated with the BSA–
chrysotile interaction. The reduction in b-sheet content in
the lyophilized BSA was also observed for the interaction of
lyophilized BSA with poly(d,l-lactide-co-glycolide).[27b,39]

The conformational transition resulting in a higher b-turn
content was also observed for the interaction between BSA
and different clay surfaces. In these cases, the increased
effect of adsorption onto a charged surface rather than a
neutral one emphasizes the importance of electrostatic inter-
actions.[40] Comparison with the protein secondary structure
in solution suggests that the lyophilization process is associ-
ated mainly with a conformational transition from a-helix to

Table 1. Assignment of the FTIR adsorption bands of chrysotile, BSA, and the chrysotile–BSA adduct.

Chrysotile Adduct Bovine serum albumin
FTIR band
[cm�1]

assignment FTIR bands from
chrysotile [cm�1]

FTIR bands from
BSA [cm�1]

FTIR band
[cm�1]

assignment

3694 in-phase outer Mg�OH stretch 3694 3200–3400 3200–3400 N�H stretch
3646 in-phase inner Mg�OH stretch 3647 3065 3056 C�H stretch
3694 (shoulder)
1080 out-of-plane symmetric n(Si�O) vibration 1085 2961 w[a] 2959 CH3 asymmetric stretch
1015 n(Si�O) vibration in plane parallel to the b axis 1015 2926 s[a] 2928 CH2 asymmetric stretch
959 n(Si�O) vibration in plane parallel to the a axis 959 2872 w[a] 2871 CH3 symmetric stretch
649 outer Mg�OH libration 649 2854 s[a] 2854 CH2 symmetric stretch
607 inner Mg�O libration 605 1657 s[a] 1653 amide I
584 antisymmetric vibration mode of the Mg�O group 582 w[a] 1554 w[a] 1539 amide II
557 perpendicular Mg�O/Si�O bend 557 1457 s[a] 1455 CH2 bend
484 Mg�OH translation vibration 471 w[a] 1384 w[a] 1385 CH3 rocking
438 Si�O�Mg bend 435 1407 1394 n(COO)sym

1311–1271 w[a] 1303–1242 amide III

[a] w and s indicate that the peak intensity is relatively weaker or stronger, respectively, than that of the pure BSA.

Figure 3. FTIR spectra obtained from ground samples (tens of micro-
grams) in KBr pellets of a) synthetic chrysotile and b) synthetic chryso-
tile–BSA adduct. The spectra were collected within the range 1200–
400 cm�1. The absorbance is in arbitrary units.
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b-sheet, as previously reported,[27b,39] whereas the formation
of the adduct induces a transition to mainly b-turns. b-turns
exhibit a much larger conformational variety than secondary
structures constructed from periodic subunits, such as helices
and b-sheets. b-turns consist predominantly of hydrophilic
amino acid residues and are concentrated near the protein
surface. As a consequence of the folded geometry of the
protein backbone, the polar side-chain groups in corner po-
sitions point outward, and may be used as a site for molecu-
lar recognition.

The structural reorganization of the BSA, induced by the
surface association with the chrysotile, is also supported by
the FTIR spectra of the BSA and the chrysotile–BSA

adduct within the ranges 3000–
2800 and 1440–1340 cm�1, as
shown in Figure 5a–d. In fact,
we observe that in the adduct,
the protein absorption bands
at 2959 and 2871 cm�1 assigned
to the CH3 stretching decrease
in intensity, whereas the bands
at 2928 and 2854 cm�1 assigned
to CH2 stretching increase in
intensity. The variation in ab-
sorption intensity of these
stretching bands is consistent
with the observed decrease in
absorption intensity of the
bending bands at 1455 cm�1 as-
signed to the CH2 groups, and
with the increase in absorption
intensity of the bending bands
at 1385 cm�1 assigned to the
CH3 groups.

Therefore, on the basis of
the reported data, we can hy-
pothesize that electrostatic in-
teractions between the chryso-
tile surface and BSA induce a
conformational change in the
protein structure, with the for-

mation of b-turns and a synergic reorganization of the chrys-
otile surface structure.

Conclusion

In this study, we used three different techniques (TEM,
AFM, and FTIR) to demonstrate that both mineral and syn-
thetic stoichiometric chrysotile fibers associate superficially
with bovine serum albumin. Albumin was observed micro-
scopically to adhere to the chrysotile fibers and could cover
their entire surface. The physical interaction between chrys-
otile and albumin was allowed to occur at pH 7.4, at which
point albumin and chrysotile are mainly negatively and posi-
tively charged, respectively.

The adsorption of albumin onto the chrysotile surface ap-
pears to be mainly electrostatically driven and stabilized by
hydrogen bonds. The formation of the adduct induces clear
modifications in BSA secondary structure, which were quan-
titatively evaluated. The protein undergoes a conformational
transition to b-turns, which allows a better interaction
among the protein hydrophilic side-chains and the charged
mineral surface. In fact, the FTIR data obtained from the
chrysotile–BSA adduct showed a modification of chrysotile
absorption bands corresponding to outer Mg�OH vibration
and inner Mg�O vibration, consistent with hydrogen-bond-
ing interactions involving the superficial OH groups. Syn-
thetic chrysotile nanocrystals that are adequately character-
ized, uniform in their properties, and devoid of foreign ions

Figure 4. FTIR spectra and their Gaussian curve-fitting (the individual bands are shown underneath the IR
spectra) obtained from ground samples (tens of micrograms) in KBr pellets of a) and b): lyophilized BSA, and
c) and d): lyophilized synthetic chrysotile–BSA adduct. The spectra were collected within the ranges 1700–
1600 and 1300–1220 cm�1. Within these ranges the component bands of the protein vibration modes amide I
and amide III, respectively, corresponding to different protein conformations, are shown. The IR absorbance
is in arbitrary units.

Table 2. BSA secondary structure [%]. The � values are standard devia-
tions calculated by analyzing three individual spectra in each case.

Sample a-Helix [%] b-Sheet [%] Random [%] b-Turn [%]

BSA lyophilized
powder
amide I 31�1 22�1 22�3 24�1
amide III 31�2 24�3 24�2 20�3
chrysotile–BSA
adducts
amide I 30�2 14�3 22�3 35�2
amide III 29�2 13�3 23�2 34�3
BSA in
solution[37] 54�6 8�3 38�1
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have proven to be an ideal reference standard with which to
study the interaction of chrysotile with biological systems, in
order to elucidate the chemical mechanisms of asbestos tox-
icity.
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Figure 5. FTIR spectra obtained from ground samples (tens of micro-
grams) in KBr pellets of a) and c): lyophilized BSA, and b) and d): syn-
thetic chrysotile–BSA adducts. The spectra were collected within the
ranges 3000–2750 and 1400–1340 cm�1. The IR absorbance is in arbitrary
units.
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