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analysis of bovine serum albumin
adsorbed on halloysite nanotubes and kaolinite:
a Fourier transform infrared spectroscopy study†

Valentina Della Porta,a Emilia Bramanti,*a Beatrice Campanella,ab Maria Rosaria Tinéb

and Celia Duceb

Clay minerals are widely used in pharmaceutical formulations, therefore studying how they interaction with

proteins is important because they can alter their biological functions. The interactions of proteins with

nanostructured clays and, in general, with nanomaterials should also be studied because nanoparticles

are known to interfere with protein amyloid formation, which is implicated in severe neurodegenerative

diseases. Kaolinite and halloysite belong to the kaolinite group of minerals with the nominal formula

Al2Si2O5(OH)4 per half unit cell, however they have important structural layer stacking differences. We

studied the surface interactions between clays and bovine serum albumin (BSA) by Fourier Transform

Infrared Spectroscopy in order to understand the role of clay morphology on protein conformation. We

show that the conformational changes of BSA depend on protein concentration and its initial structure,

clay morphology and the clay/protein ratio. The surface curvature radius seems to play a key role in the

final conformation. Both the curved nanoscale surface of halloysite nanotubes (HNTs) and the flat

morphology of kaolinite (Kao) interfere profoundly on the a/b transitions of BSA. BSA conformation also

determines the percentage of protein adsorbed on the clay surface.
1. Introduction

The adsorption and binding of protein molecules by clay
minerals play key roles in many biological applications, for
example, the soil's ecosystem, Earth's biochemical evolution
and origin of life, and drug delivery.1 The interactions of
peptides and proteins with clay surfaces have thus been exten-
sively studied (see ref. 2 and references therein). The adsorption
of proteins on clay surfaces is a complex process controlled by
various physical and chemical factors, such as cation exchange,
electrostatic interactions, hydrophobic affinity, hydrogen
bonding and van der Waals forces.1,2 Clay minerals generally
have permanent negative and variable surface charges, thus
charged protein molecules can be adsorbed via electrostatic
interactions, which depend on the negatively and positively
charged states of protein molecules in the medium investi-
gated. In addition to cation exchange and electrostatic forces,
the hydrophobic (the tetrahedral surface) and hydrophilic'
regions (the octahedral surface) on the clay mineral surface are
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also responsible for both the position and mobility of the water
molecules in the halloysite interlayers and on the kaolinite
surfaces3,4 as well as for the adsorption of the hydrophobic
protein patches.1 Hydrophobic interactions are, on the other
hand, one of the main forces in the structural stability of
proteins in solution.5 In addition, hydrogen bonding and van
der Waal forces are important in the binding of proteins onto
clay minerals.1,6,7

Both kaolinite and halloysite belong to the kaolinite group of
minerals with a similar chemical composition with the nominal
formula Al2Si2O5(OH)4 per half unit cell, but with important
structural layer-stacking differences.8 Kaolinite is a naturally-
occurring inorganic phyllosilicate with a layer structure con-
sisting of siloxane and gibbsite-like layers.9 The adsorption sites
on kaolinite are located only on the external surface due to their
non-expanding layers.1

Halloysite forms in volcanic zones, and depending on the
variety of crystallization conditions and geological occurrence,
halloysite adopts various morphologies such as tubular, sphe-
roidal and plate-like particles, of which the tubular structure is
the most common and valuable.10 Rolled 15–20 alumosilicate
sheets of halloysite, named halloysite nanotubes (HNTs), have
an ideal formula of Al2Si2O5(OH)4 � nH2O, which is similar to
kaolinite with additional water between the adjacent layers.11

These emerging nanoclays have unique features and inno-
vative uses because their properties and morphologies can be
tuned.12,13 Dried halloysite has a packing periodicity of 0.72 nm
This journal is © The Royal Society of Chemistry 2016
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with hollow lumens (the outside diameter is in the range of 50–
100 nm; internal lumen diameter 10–20 nm).11 A notable feature
of halloysite is its different surface chemistry with alumina in
the inner (lumen, positively charged up to pH 8.5) and outer
sides of the tubes with silicon oxides negatively charged above
pH 1.5.11

Due to the superior high-temperature-resistant property and
their high length/diameter (L/D) ratio, HNTs have been used to
produce high-quality ceramics,14,15 as well as for many other
applications, including the loading of biologically active
substances and biomolecules, DNA and proteins.10,16–24 HNTs
are considered to be green i.e. supposedly not hazardous for the
environment, cheap and abundantly naturally available in
thousands of tons from natural deposits.11

Although no studies have been reported on the effect of the
interaction of HNTs with proteins, the interaction of nano-
particles and nanotubes with proteins is actually of interest
because of their wide use in biotechnological applications and
for the general concern regarding the safety of nanoparticles
and the modications that biological materials may undergo in
the human body.6,25

Various spectroscopic techniques (NMR, uorescence, and
circular dichroism) are currently used to study protein struc-
tural conformations in solution. Fourier Transform Infrared
(FTIR) spectroscopy is best suited to compare secondary struc-
tures for proteins in solution or adsorbed on a solid support.25–28

Other methods employed for studying protein adsorption are
widely reviewed by Hlady et al.7

In this work we studied the conformational changes induced
by HNTs and Kao on bovine serum albumin (BSA), both in
physiological solution (0.9% NaCl) and in ultrapure deionized
water by FTIR. BSA is a good ‘so’ model protein because it
easily undergoes conformational changes upon environment
changes.29

While nanoparticles are known to interfere with the bril-
lation mechanism,30 to the best of our knowledge, the confor-
mational changes of the BSA induced by its interaction with
HNTs have never been investigated. Kao, which has the same
composition as HNTs but a different structure, was also inves-
tigated as a comparison in order to understand the role of
nanostructure morphology. The spectroscopic estimation of the
amount of protein adsorbed onto the clays (HNTs or Kao) was
also performed.

2. Experimental
Materials, solutions and procedures

BSA (A-8531, EC 232.936.2) was purchased from Aldrich-Sigma-
Fluka Chemical Co. (Milan, Italy). Dragonite™ halloysite
nanotubes were obtained from Applied Minerals Inc. (New
York). HNTs were washed ve times with deionized water (18.2
MU � cm), using a liquid/solid ratio of 10 mL g�1 HNTs. A
magnetic stirrer was used to mix each suspension for 1 hour,
then the suspension was ltered and dried at 110 �C for 48
hours to eliminate physisorbed water.

Kaolinite (03584) was purchased from Aldrich-Sigma
Chemical Co. and used as purchased.
This journal is © The Royal Society of Chemistry 2016
BSA solutions (5.0 and 0.5 mg mL�1) were prepared by dis-
solving the lyophilized protein in 0.9% NaCl physiological
solutions or in ultrapure water (UW). Three different amounts
of clay, HNTs or Kao, were added to the BSA solutions in order
to have four different clay/BSA ratios: 0, 0.5, 4, 16. It has been
reported, infact, that the adsorbed amount of proteins on Kao
ranges between 0.04 and 2.5 mg mg�1. This range includes the
selected ratios, which correspond to 0.06 (16), 0.25 (4) and 2 mg
BSA per mg Kao (0.5).

BSA-clays suspensions were vortexed for one minute and
mixed with a magnetic stirrer for one hour. A total of 100 mL of
these suspensions were deposited on BaF2 windows and le to
dry in the air for two days. The remaining part of these
suspensions were washed three times with the corresponding
solvent in order to remove the excess BSA. For each rinsing, the
samples were vortexed for 5 min and centrifuged to remove the
surnatant. Aer this, 100 mL of the washed suspensions were
deposited on BaF2 windows and le to dry in the air for two
days. For each BSA concentration, the blank was prepared
following the same procedure in the absence of HNTs. All dried
lms were analysed in transmittance mode by FTIR spectros-
copy. For several representative samples the FTIR spectra were
replicated aer 24, 48 and 60 h in order to monitor the drying
process. Both the spectrum proles and the results of spectrum
deconvolution did not change aer 48 h.

Physiological solution (0.9% NaCl) was purchased from
Fresenius Kabi Italia. Ultrapure water prepared with an Elga
Purelab-UV system (Veolia Environnement, Paris, France) was
used throughout.
Equipment and measurements

Infrared spectra were recorded using a Perkin Elmer Spectrum
100 FTIR spectrophotometer. In order to obtain a suitable S/N
ratio, the following spectrometer parameters were used: reso-
lution 4 cm�1, spectra range 450–4000 cm�1, 128 scans. Spec-
trum soware (Perkin-Elmer) and an in-house LabVIEW
program for peak tting were employed to run and process
spectra, respectively. The contribution of water vapor is
controlled by the Atmospheric Vapor Compensation (AVC)
function on the Spectrum™ 100 FT-IR spectrophotometer. This
algorithm automatically performs this task in real time
addressing the difficult task of reducing the effects of unwanted
atmospheric absorptions in sample spectra. The LabVIEW
program for peak tting was based on previous works.31,32 Prior
to curve processing, spectra were normalized in the 1700–1600
cm�1 region. This approach was adopted in order to avoid
artefacts in absorptions near the limits of the region examined
(1700–1600 cm�1). The second derivatives of the amide I band
of the spectra examined (1700–1600 cm�1 region) were then
analysed in order to determine the starting data (number and
position of Gaussian components) required for the deconvolu-
tion procedure. The choice of the amide I band for structural
analysis is due to the very low contribution of the amino acid
side chain absorptions present in this region,33 and to its higher
intensity with respect to other amide modes. On the basis of the
infrared assignment of amide components, assuming that the
RSC Adv., 2016, 6, 72386–72398 | 72387



Fig. 1 FTIR spectra of BSA (red line), HNTs (black line), and Kao (pink
line).
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extinction coefficient is the same for all the secondary struc-
tures, the secondary structure composition can be obtained
from the FTIR spectra. The percentage values of the different
secondary structures were estimated by expressing the ampli-
tude value of the bands assigned to each of these structures as
a fraction of the total sum of the amplitudes of the amide I
components. While the general validity of the above assump-
tion regarding the extinction coefficients remains to be tested,
the good correlation found between the secondary structure
results obtained by FTIR approaches and X-ray crystallography
indicated that this is a reasonable assumption.31,34

The spectroscopic estimation of the amount of protein
adsorbed onto the clays (HNTs or Kao) was performed on the
basis of the amide I optical density of the FTIR non-normalized
spectrum recorded before and aer the rinsing to remove the
excess BSA.

The deconvolution procedure was applied to the amide I
band of the FTIR spectra of BSA aer rinsing in order to study
the conformational changes of BSA adsorbed onto the clay.

The results were reproducible on different lms (N ¼ 3) and
on various area of the same lm (N ¼ 3). The spectra recorded
on N ¼ 3 area of the same lm were averaged. The deconvolu-
tion was performed on the averaged spectrum. The SD bars in
Fig. 3, 5 and 6 refer to the data obtained on N¼ 3 different lms.

The amount of protein adsorbed by the clays was calculated
using the following equation:

% protein adsorbed ¼ ODr

ODnr
� 100 ðnot normalized peakÞ

where ODr and ODnr are the optical density of the amide I of
the non-normalized FTIR spectrum obtained on the dried lm
from BSA/clay mixture aer rinsing the excess BSA or from non-
rinsed mixtures, respectively.
3. Results and discussion

BSA (66 500 Da) has 582–607 amino acid residues containing 20
Tyr and 35 cysteine residues, 34 of which are involved in 17 S–S
bridge.35–37 The BSA isoelectric point is 4.7,38 thus in our oper-
ating conditions BSA has a negative charge.

Fig. 1 shows the representative FTIR spectra of BSA, HNTs
and Kao. The two characteristic bands of HNTs and Kao at 3696
and 3621 cm�1 are due to the stretching vibration of O–H in the
inner-surface hydroxyl groups of Al–O–H. The absorption peak
at 910 cm�1 is likely due to the deformation vibration of the
above hydroxyl groups. The presence of the interlayer or
adsorbed water is indicated by the stretching vibration at 3450
cm�1.2 The spectrum of BSA (lyophilized powder) has the
characteristic bands of amide A (3282 cm�1), amide B (3056
cm�1), amide I, II, and III (respectively 1642, 1518 and 1234
cm�1). No peaks of HNTs and Kao were present in the range
1700–1250 cm�1. Thus, the study of BSA conformation adsor-
bed onto the clays was free of interferences.

Fig. 2 shows some representative FTIR spectra of BSA (1740–
1475 cm�1), normalized with respect to the amide I region
(1700–1600 cm�1) for both HNTs/BSA and Kao/BSA obtained at
72388 | RSC Adv., 2016, 6, 72386–72398
0 and 0.5 clay/BSA weight ratios and different BSA concentra-
tions (0.5 and 5 mg mL�1) in physiological solution.

Clays interact strongly with BSA. In the case of HNTs/BSA
mixtures, the amide I and amide II bands showed more
notable differences in terms of frequency shi, and the inten-
sity of the amide I and amide II bands changes compared to
Kao/BSA mixtures. This suggests that BSA interacts differently
with HNTs than it does with Kao.

The amide II/amide I (AII/AI) ratio is oen employed to
evaluate changes in the secondary structure of proteins during
denaturation.39–41 This ratio generally increases during dena-
turation and decreases when peptides increase their ordered
structure (beta sheets or helices).

Fig. 3 shows the trend of the AII/AI peak height ratio as
a function of the clay/BSA ratio in physiological solution (a) and
deionized water (b).

In the case of HNTs/BSAmixtures in physiological solution, we
observed a signicant decrease in the AII/AI ratio for both 0.5 and
5 mg mL�1 BSA as the HNTs/BSA ratio increased. For Kao/BSA
mixtures, the trend was the same but the decrease was smaller
with respect to pure BSA. The decrease was observed for clay/BSA
ratio around 0.5 and was maintained for higher clay/BSA ratio
values. Also in ultrapure water, we observed a notable decrease in
the AII/AI ratio with the two different BSA concentrations in the
case of HNTs/BSA mixtures. In the case of the Kao/BSA mixtures,
no signicant changes in the AII/AI ratio were observed.

The changes in AII/AI ratio were further investigated in the
light of the peak tting analysis of the BSA amide I band.
Peak tting procedure for the quantitation of the BSA
secondary structure

The curve tting method applied to the deconvolution of the
amide I band of the FTIR spectra was used in order to get
detailed information on the secondary structure of BSA, in the
tested conditions, on the structural changes induced by clays on
BSA and on the percentage of each amide I component.32

Fig. 4 shows six representative plots of the curve tting of the
amide I band of BSA at different clay/BSA ratios in physiological
solution (panel a) and deionized water (panel b). The quantitative
This journal is © The Royal Society of Chemistry 2016



Fig. 2 FTIR normalized spectra in the 1740–1475 cm�1 region of clay/BSA mixtures with 0 (black line) and 0.5 (blue line) clay/BSA weight ratios
and various BSA concentrations in physiological solution: (A) HNTs/BSA, 0.5 mg mL�1 BSA; (B) Kao/BSA, 0.5 mg mL�1 BSA; (C) HNTs/BSA, 5 mg
mL�1 BSA; (D) Kao/BSA, 5 mg mL�1 BSA.
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results of the secondary structure analysis of BSA in the various
conditions investigated are reported in Tables S1–S8 of the ESI.†

Each individual component of amide I was assigned
according to the literature,42,43 namely ca. 1690 cm�1 (antipar-
allel b-sheets), ca. 1680 cm�1 (b turns), and ca. 1658 cm�1 (a-
Fig. 3 AII/AI ratio for 0.5 mg mL�1 BSA (A) and 5 mg mL�1 BSA (B) disso
HNTs/BSA (black line); Kao/BSA (red line). SD bars refer to FTIR spectra

This journal is © The Royal Society of Chemistry 2016
helix). The band in the 1626–1643 cm�1 region was assigned to
b-sheets, and the band at 1644–1649 cm�1 was assigned to
random coil (wide bandwidth) or solvated short helix (narrow
bandwidth). The band at 1601–1617 cm�1 was assigned to inter-
molecular b-sheets.
lved in physiological solution (a panel) and deionized water (b panel).
replicates performed on N ¼ 3 different films.

RSC Adv., 2016, 6, 72386–72398 | 72389



Fig. 4 Curve fitting of the FTIR spectra in the amide I region of 0.5 mg mL�1 (panel A) and 5 mg mL�1 (panel B) BSA in physiological solution (a)
and deionized water (b) (clay/BSA ¼ 0 and 0.5).
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Fig. 5 and 6 summarize the percentage variation in the BSA
secondary structure components (b-structures, a-helix and
random coil), as a function of the clay/BSA ratio. The
72390 | RSC Adv., 2016, 6, 72386–72398
contribution of b structures is calculated as the sum of the
percentages of antiparallel b-sheets, b turns, intramolecular
and intermolecular b sheets (Tables S1–S8†). Note that in our
This journal is © The Royal Society of Chemistry 2016



Fig. 5 Secondary structure percentage of BSA as a function of HNTs/BSA and Kao/BSA ratio. (A) 0.5 mg mL�1 BSA (B) 5 mg mL�1 BSA in
physiological solution. b structures (red line); a-helix component (black line); random coil (blue line).
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operating conditions the conformational changes observed
were related to clay-adsorbed BSA. The excess BSA was, in fact,
removed with the rinsing procedure (see Experimental).

Fig. 7A and B show the percentage of adsorbed BSA in the
various conditions investigated.

Ionic strength plays a key role in protein conformation, thus
BSA in physiological solution and in deionized water adopts
a different structure, also in relation to its concentration.
Native BSA (Fig. 5A)

The deconvolution data of 0.5 mg mL�1 BSA dissolved in physi-
ological solution (Tables S1 and S2 rst column of the ESI†)
showed that BSA has a native conformation (about 50% a-helix),
according to the literature.31,44–48 Previous studies performed with
FTIR and circular dichroism indicated that native BSA secondary
structure contained about 68–50% a-helix and 16–22% b-sheets.

Native BSA interacts with the at Kao surface keeping its
native-like structure (Table S2 of the ESI†). Interestingly, native
BSA adsorbed onto HTNs (Table S1 of the ESI†) is almost
This journal is © The Royal Society of Chemistry 2016
quantitatively converted into b-sheets. With increasing HNTs/
BSA ratio values, we observed a notable decrease in a-helix
and an increase in b-structures. At HNTs/BSA ratio > 4, beta
structures represented 80% and reached 92% at HNTs/BSA ratio
¼ 16. This result is in agreement with the strong decrease in the
AII/AI ratio, and clearly shows that the interaction with the
HNTs curved surface induces BSA aggregation.

As the HNTs/BSA ratio increased, however, the amount of
adsorbed protein decreased linearly (see Fig. 7 and Table S1 of
the ESI†). For higher ratios it is likely that the adsorption of BSA
on the surface competes with the clay aggregation process, as
well as with the protein aggregation.

The increase in beta structures in the presence of HNTs is in
line with previous studies42,43,49,50 which show the effect of
nanoparticles/nanotubes on the protein secondary structure.
Aggregated BSA (Fig. 5B)

A total of 5 mgmL�1 BSA dissolved in physiological solution has
a 75% beta structure percentage and is likely to be aggregated
RSC Adv., 2016, 6, 72386–72398 | 72391



Fig. 6 Secondary structure percentage of BSA as a function of HTNs/BSA and Kao/BSA ratio. (A) 0.5mgmL�1 BSA (B) 5mgmL�1 BSA in deionized
water. b structures (red line); a-helix component (black line); random coil (blue line).
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(Tables S3 and S4 rst column of the ESI†). In fact, the aggre-
gation of BSA seems to proceed through an increased content of
b-sheets.51–53 In a previous work34 we studied the behaviour of
BSA at different pH and temperature conditions. We found that
temperature-induced denaturation of BSA was accompanied by
Fig. 7 Percentage of BSA adsorption onto the Kao (circle) and HTNs (squ
symbols). (A) 0.5 mg mL�1 BSA (B) 5 mg mL�1 BSA. The coefficient of va

72392 | RSC Adv., 2016, 6, 72386–72398
the formation of denatured protein molecules and/or small
aggregates, rich in b-sheet structures. Campanella et al.54 also
found that aggregated BSA is easily obtained in solutions at
concentrations of >1 mg mL�1. The seminal observation that
an a-helical protein can form b-rich amyloid-like aggregates,
are) in physiological solution (filled symbols) and deionized water (open
riation (CV%) is 8–10%.

This journal is © The Royal Society of Chemistry 2016
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despite having no predisposition toward b-sheet formation,
has generated a lot of interest in recent years.53,55 An inter-
esting question in this area is how an all a-helical protein
transforms into b-rich conformation, in response to a modi-
cation in medium conditions, for example, pH, ionic strength,
and temperature, thus favouring a partially destabilized state,
which ultimately culminates in the formation of amyloid
bril.56–60

HNTs and Kao induced notably different conformational
changes in 5 mg mL�1 BSA, which is aggregated and is char-
acterized by a 75% beta structure.

In the presence of HNTs (Table S3 of the ESI†), we observed
a disruption of b-sheets and an increase in a-helix components
also at an HNTs/BSA ratio of 0.5. The maximum amount
adsorbed was about 35% for HNTs/BSA ratio > 4. Above a HNTs/
BSA ratio of 4, the BSA conformation did not change, and a-
helix and b-structure percentages reached a plateau (about 50%
a-helix and 50% b-structures). In the HNTs/BSA mixtures, no
disordered structures (random coil) were observed.

Also the interaction of aggregated BSA with Kao disrupts
b structures (Table S4 of the ESI†). However, at low Kao/BSA
ratios (¼0.5) b structures were converted into random coils.
Only at higher Kao/BSA (>4) ratios, were random coils converted
into a-helices and b structures. For the Kao/BSA ¼ 16 ratio, the
helix component increased and b structures decreased. In this
case the amount of adsorbed BSA increased linearly with the
Kao/BSA ratio.
Random BSA (Fig. 6A)

The conformation of BSA dissolved in deionized water is very
different compared to when dissolved in a physiological solu-
tion (Tables S5 and S6 rst column of the ESI†). At 0.5 mg mL�1

concentration, BSA has a high percentage of disordered struc-
tures (46% random coil, 13% intermolecular b-sheets, 19% a-
helix, 17% b-turns, and 5% anti parallel b-sheets).

We found that the interaction of HNTs and Kao with
“random” BSA led to the quantitative conversion of 48%
random coil into ordered structures: HNTs into b-sheets (Table
S5 of the ESI†), and Kao into a-helix (Table S6 of the ESI†).
Unfolded BSA adsorbed onto HNTs had an almost 80% b-sheet
conformation and reached almost 70% of protein adsorbed as
the HNTs/BSA ratio increased. The same unfolded species
interacted with the at surface of Kao promoting an NL struc-
ture and about 35% of adsorbed protein.
Table 1 BSA conformational changes induced by clays in all the conditio
BSA, a ¼ a-helix and b ¼ b-structures

Solvent
BSA concentration
(mg mL�1)

Secondary str

HTNs

Physiological solution 0.5 N / b (92%)
Physiological solution 5 A (80% b) /
Bidistilled water 0.5 48% R / 80
Bidistilled water 5 NL (51% a) /

This journal is © The Royal Society of Chemistry 2016
Native-like BSA (Fig. 6B)

Unexpectedly, in deionized water at 5 mg mL�1 BSA has
a native-like form (49% helix and 51% b structures) (Tables S7
and S8 rst column of the ESI†). The basic and acid side chains
of protein amino acids likely act as a buffer.61

HNTs induced on adsorbed BSA a decrease in the helix
component and an increase in b-structures up to about 72% at
HNTs/BSA ¼ 4 (Table S7 of the ESI†). For higher ratios, b-sheets
were converted again into a-helix (about 66% at HNTs/BSA ¼ 16
ratio). The adsorption was the maximum (more than 50%) at
around HNTs/BSA ratio ¼ 4, in relation to the maximum
percentage of beta structures.

Kao induced a decrease in the helix component of adsorbed
BSA and an increase of b-structure up to 70%, with a plateau
between 0.5 and Kao/BSA ratio ¼ 16 (Table S8 of the ESI†). Only
25% BSA was adsorbed onto Kao.

Table 1 summarizes the BSA conformational changes
induced by the clays in all the conditions explored.

The data show that the effect of the interactions of BSA with
clays is very different depending on the initial structure of the
protein and on the clay morphology. In response to changing
conditions, BSA molecules show a large conformational adapt-
ability.35,62 Protein adsorption is the rst event that occurs when
a material is introduced into a physiological uid, because
proteins have a high affinity for surfaces. Both the surface
chemistry of the material (e.g. nanoparticles) and the protein
intrinsic stability govern protein adsorption and, thus, the nal
protein conformation. Thus, adsorption may occur with few
structural changes or cause denaturation also in relation to the
character of the surface.

The conformational changes described above suggest that
the different hydrophobicity, as well as the electrostatic attrac-
tion of the protein may be responsible for the differences in the
adsorption curves. All these interactions are different depend-
ing on the protein conformational state: native, native-like,
aggregated, random coiled. An adsorbent surface can
“compete” for the same interactions andminimize the total free
energy of the system by changing the protein structure. Thus,
the adsorption process may result in a surface-induced protein
denaturation/rearrangement.63 It is known that clay mineral
surfaces can have a denaturing effect on adsorbed proteins for
two reasons: (i) they are dehydrating agents, because they per-
turb the random environment of water molecules that globular
proteins need to maintain their native structure; and (ii) clay
surfaces can establish non-bonded interactions with proteins
ns explored. N ¼ native, NL ¼ native like, R ¼ random, A ¼ aggregated

ucture conformational changes induced by clays

Kao

N / NL
NL (51% a) A (80% b) / R (63%) / NL (70% a)
% b 48% R / NL (49% a) / NL (67% a)

72% b / NL (66% a) NL (51% a) / 69% b

RSC Adv., 2016, 6, 72386–72398 | 72393
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which compete effectively with the interactions inside a peptide
chain. The changes in the secondary and tertiary protein
structures induced by adsorption to clay surfaces lead to back-
bone torsion.64

In our operating conditions, the HNT and Kao outer surfaces
have a negative charge. Thus, the surface interaction may be
due to the positive groups (such as arginine, glutamine, lysine,
histidine, as well as amino terminal groups) of the protein. In
addition to electrostatic interactions, also hydrophobic inter-
actions and structural changes of the protein molecules may be
the driving forces for the adsorption process of BSA.65 In several
cases the adsorption-induced structural rearrangement has
been found to result in a higher thermostability of the adsorbed
protein.66

A previous FTIR analysis of the interaction of BSA with
montmorillonite showed an extensive pH independent unfold-
ing of BSA related to new orientations of the positively charged
Lys and Arg residues which are forced to move close to the
Fig. 8 Conformational changes induced by the interactions between cla
BSA (B).

72394 | RSC Adv., 2016, 6, 72386–72398
negative clay surface.67 In this work the interaction with Kao did
not lead to signicant conformational changes in native BSA.
However, Kao induced the disruption of aggregated species
through a random coil and the subsequent a-helix formation.

Other studies on the interaction of nanoparticles/nanotubes
with BSA have shown a partial unfolding of protein in the
presence of gold, diamond and carbon nanoparticles and
carbon nanotubes.42,43,49,50 Previous studies have shown the
effect of nanoparticles on amyloid aggregation.68–70

Cabaleiro-Lago et al. observed that in protein mutants with
a high intrinsic stability and low intrinsic aggregation rate,
nanoparticles accelerated the amyloid bril formation. In
protein mutants with a low intrinsic stability and high intrinsic
aggregation rate, nanoparticles showed the opposite behaviour
and led to a delay in amyloid bril formation.69

In this work, HNTs in native BSA in physiological solution
induced a misfolding with a decrease in the a-helix and an
increase in b structures, as well as the conversion of random BSA
ys and BSA in physiological solution. 0.5 mg mL�1 BSA (A); 5 mg mL�1

This journal is © The Royal Society of Chemistry 2016



Fig. 9 Conformational changes induced by the interactions between clays and BSA in deionized water. 0.5 mgmL�1 BSA (A); 5 mgmL�1 BSA (B).
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in water into b structures, which would seem to indicate protein
aggregation. Previous studies have shown the aggregation of
proteins in the presence of gold and silica nanoparticles.71,72 In
these studies nanoparticles acted as a nucleation centre for
protein aggregation. On the other hand, HNTs interacted with
aggregated BSA inducing the conversion b / a.

The involvement of HNTs in the process of the a/b conver-
sion of BSA is a totally new nding and suggests the possible
involvement of nanostructures in protein bril formation, i.e. in
the process that converts protein monomers into brils and vice
versa. The increase in beta structures observed in the presence
of HNTs is in line with previous studies.42,43,49,50

According to the data reported in Table S3,† intermolecular
b sheets appear only at HNTs/BSA ratio ¼ 0.5, which corre-
sponds to 2 mg BSA per mg HTNs (i.e. a weight excess of
protein). Considering that 5 mg mL�1 BSA is an aggregating
concentration, intermolecular b sheets may be justied by the
fact that the tubular clay is not enough to interfere with
aggregated, very stable species.
This journal is © The Royal Society of Chemistry 2016
By increasing HTNs we can hypothesize that HTNs surface
competes with aggregation and BSA molecules adsorbed onto
HTNs have the signicant conformational changes described in
Table S3.†

From the inspection of data reported in Table S4† it is also
notable that the appearance of intermolecular b sheets corre-
sponds to a high value of the ratio (16, i.e. 0.06 mg BSA per mg
Kao) and the random coil at low value (0.5). We can hypothesize
that when the protein is scarce the BSA adsorbed has enough
space to “smear” onto the at Kao surface and it keeps/
maintains a moderate percentage of antiparallel b sheets
(1620 and 1692 cm�1 components).

When the Kao/BSA ratio ¼ 0.5 (i.e. 2 mg BSA per mg Kao,
a weight excess of protein) we can hypothesize that Kao is able
to interfere with aggregated BSA. However, BSA molecules have
not enough space on the Kao at surface to arrange in an
ordered structure.

As far as random BSA concerns (Tables S5 and S6†), random
coil is a very unstable structure and the interaction of BSA with
RSC Adv., 2016, 6, 72386–72398 | 72395
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both HTNs and Kao surfaces induces more stable, ordered
structures.

The amount of BSA adsorbed onto clays is in agreement with
the values found by other authors (ref. 1 and references therein).
We found that the adsorption in water is, in general, higher
than in physiological solution, in agreement with the literature
data.6,73 The ionic strength affects the adsorption of protein on
clay minerals because increasing ion strength leads to
a competitive ion exchange in the case of electrostatic adsorp-
tion. However, salt ions may compete for hydration protein
water, thereby causing the exposure of the hydrophobic groups
of protein, and leading to an increase in the hydrophobic
interactions and, consequently, of the adsorption.74

Many studies have demonstrated that the surface curvature
plays a key role in the adsorption mechanism and that the
amount of the protein's perturbed secondary structure is
inuenced strongly by different degrees of curvature. For
a specic protein, a highly curved nanoscale surface can reduce
or promote the retention of the native protein structure in
comparison to macroscopic “at” supports.75–81

In an aqueous solution, the natural nanotubular clays do not
possess a dispersed structure but an aggregated form.82 It is
possible that, in several conditions, the interaction with BSA
favours the dispersion of HNTs; whereas in excess of HNTs,
clay–clay aggregation is not favoured.

Fig. 8 and 9 show the results of BSA conformational changes.

4. Conclusions

FTIR spectroscopy is a well-established experimental technique
for studying the secondary structure of proteins. The main
advantage of FTIR over other techniques is convenience, as
protein spectra can be obtained in a wide range of environ-
ments, including heterogeneous systems, with a small amount
of sample.

In this study, FTIR spectroscopy provided novel information
on the BSA secondary structure in physiological solution and in
deionized water. Depending on the conditions investigated, in
the absence of salting-in or salting-out agents, BSA adopted
a native/native-like structure, an aggregated structure or
a random coil-rich conformation.

FTIR enabled us to investigate the structural changes of BSA
conformers induced by the surface interactions with clays
(tubular HNTs or at Kao) and to estimate the amount of
adsorbed protein onto clays. The FTIR analysis of the interac-
tion of BSA with these clays showed an extensive modication of
the BSA secondary structure due to the adsorption, conrming
that BSA is a “so” protein.

In physiological solution, the curved nanoscale surface of
HNTs promoted the almost quantitative conversion of native
BSA into a beta structure. Aggregated BSA interacted with the
curved nanoscale surface of HNTs thereby promoting the
formation onto the surface of NL BSA. By interacting with the
at Kao surface, instead, both native and aggregated BSA kept
the native-like (NL) structure.

In deionized water HNTs induced beta sheets in the NL
structure of BSA, and for higher HNTs/BSA ratios, the NL
72396 | RSC Adv., 2016, 6, 72386–72398
structure increased its a-helix content. NL BSA in deionized
water produced beta structures onto the at surface of Kao.
Unfolded BSA adsorbed onto HNTs gave beta sheets, while the
at surface of Kao promoted an NL structure in adsorbed BSA.

All these results demonstrated that the surface curvature
radius plays a key role in the nal conformation, interfering
profoundly with the a/b transitions of BSA. This could have
potential applications in the study of protein misfolding/
aggregation, and these materials could also be used in analyt-
ical chemistry for protein purication.

It is possible that in vivo HTNs – and, in general, nano-
structures –may alter the transport properties of BSA in various
biological processes.
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J. O. Fossum, Appl. Clay Sci., 2013, 77–78, 1–9.

9 H. F. Cheng, Q. F. Liu, J. Yang, S. J. Ma and R. L. Frost,
Thermochim. Acta, 2012, 545, 1–13.

10 M. Du, B. Guo and D. Jia, Polym. Int., 2010, 59, 574–582.
11 Y. Lvov and E. Abdullayev, Prog. Polym. Sci., 2013, 38, 1690–

1719.
12 G. Cavallaro, D. I. Donato, G. Lazzara and S. Milioto, J. Phys.

Chem. C, 2011, 115, 20491–20498.
13 Y. Lvov, W. Wang, L. Zhang and R. Fakhrullin, Adv. Mater.,

2016, 28, 24.
14 C. Viti, M. Lupieri and M. Reginelli, Neues Jahrb. Mineral.,

Abh., 2007, 183, 203–213.
15 I. R. Wilson, Clay Miner., 2004, 39, 1–15.
16 Y. M. Lvov, D. G. Shchukin, H. Möhwald and R. R. Price, ACS
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