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The structural properties of halloysite/biopolymer aqueous mixtures were firstly investigated by means of
combining different techniques, including small-angle neutron scattering (SANS), electric birefringence (EBR)
and fluorescence correlation spectroscopy (FCS). Among the biopolymers, non-ionic hydroxypropylcellulose
and polyelectrolytes (anionic alginate and cationic chitosan) were selected. On this basis, the specific
supramolecular interactions were correlated to the structural behavior of the halloysite/biopolymer mixtures.
SANS data were analyzed in order to investigate the influence of the biopolymer adsorption on the halloysite
gyration radius. In addition, a morphological description of the biopolymer-coated halloysite nanotubes (HNTSs)
was obtained by the simulation of SANS curves. EBR experiments evidenced that the orientation dynamics of
the nanotubes in the electric field is influenced by the specific interactions with the polymers. Namely, both
variations of the polymer charge and/or wrapping mechanisms strongly affected the HNT alignment process
and, consequently, the rotational mobility of the nanotubes. FCS measurements with fluorescently labeled
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biopolymers allowed us to study the aqueous dynamic behavior of ionic biopolymers after their adsorption
onto the HNT surfaces. The combination of EBR and FCS results revealed that the adsorption process reduces
the mobility in water of both components. These effects are strongly enhanced by HNT/polyelectrolyte
electrostatic interactions and wrapping processes occurring in the halloysite/chitosan mixture. The attained
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rsc.li/pccp findings can be useful for designing halloysite/polymer hybrids with controlled structural properties.

Introduction

In the last decades, supramolecular hybrids based on inorganic
nanoparticles and organic macromolecules have attracted great
interest as a consequence of their potential applications in
several technological fields, including packaging,” catalysis,*™®
pharmaceutics,® ** and remediation.”*® As evidenced in a recent

review,”® the adsorption of sustainable polymers can confer
functional properties to the nanoparticles depending on their
peculiar nanoarchitecture. It was proved that the modification
of carbon®! and boron®* nanotubes with poly(N-isopropylacrylamide)
(PNIPAAm) generates hybrid molecular nanorods with assembly/
disassembly behaviors in response to temperature variations.
Recently, thermo-sensitive nanocarriers were obtained by
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supramolecular functionalization of halloysite with oppositely
charged PNIPAAm polymers, such as amine-terminated PNI-
PAAM and PNIPAAM/methacrylic acid copolymer.”® Electro-
static interactions were successfully exploited to fabricate
pH-sensitive drug delivery hybrids based on LAPONITE® nanodisks
and poly(ethylene glycol)-poly(lactic acid) diblock copolymer.>
Efficient nanocarriers for drugs were prepared by the adsorption
of alginate onto calcium carbonate® and silica nanoparticles.”®

Among inorganic nanoparticles, halloysite clay nanotubes
(HNTSs) are suitable for the preparation of smart nanohybrids
because of their peculiar surface properties in terms of chemical
composition and electrical charge.?” In particular, the chemical
composition of the HNT internal surface is based on alumina,
while the external shell is formed by silica. As a consequence of
the different acid-base equilibria of alumina and silica groups,
the HNT inner and external surfaces are positively and negatively
charged, respectively, within an extended pH interval and,
in addition, the charge conditions can be tuned by pH.?®
Rheological measurements evidenced that HNT aqueous suspen-
sions can form a lyotropic liquid crystalline phase depending on
the pH conditions.>® The HNT dispersions exhibited stronger
shear-thinning behavior by the addition of microcrystalline
cellulose.’® The HNT surfaces can be selectively modified by
ionic molecules through electrostatic interactions.*® The adsorp-
tion of cationic alkyltrimethylbromides onto the halloysite outer
surface allows fabrication of inorganic reverse micelles,*" which
were used to synthesize alginate-based nanohydrogels within the
HNT lumen.*” The attractions between anionic surfactants and
the positively charged internal surface generated functionalized
nanotubes with a hydrophobic cavity.>*** As evidenced by SANS
studies,® the structural organization of the adsorbed surfactants
affects the hydrophobization degree of the modified halloysite
lumen. The immobilization of several enzymes within the HNT
lumen was controlled by pH conditions, which influence the
electrostatic forces occurring between proteins and halloysite
surfaces.*

The literature®® reports that the addition of ionic and non-
ionic macromolecules represents an efficient tool to control the
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HNT colloidal stability in aqueous solvent. Halloysite aqueous
dispersions were stabilized by the adsorption of non-ionic
biopolymers (amylose®” and cellulose ethers*®) because of their
wrapping around the nanotubes generating a steric barrier
toward HNT aggregation in water. The presence of anionic
polymers (pectin®® and poly(styrene)sulfonate®®*°) induced an
increase of the HNT aqueous colloidal stability as a conse-
quence of electrostatic interactions, which alter the halloysite
surface charge. Specifically, the selective adsorption of anionic
polymers induced a neutralization of the positively charged inner
surface generating an increase of the HNT negative charge.**°
Specific interactions between biopolymers and halloysite surfaces
affect the HNT efficacy as nanocontainers for drugs.*® In this
regard, nanotubes with enhanced adsorption capacity and
sustained-release performance towards ibuprofen were obtained
by the self-assembly of chitosan and alginate onto halloysite
surfaces.”® Biopolymer/HNT layered tablets for diclofenac were
successfully prepared by exploiting the electrostatic interactions
between polyelectrolytes and halloysite.*' However, despite a
number of studies existing on HNT/polymer hybrid systems, still,
many questions in that area are open, especially with respect
to their dispersion stability in aqueous solution, which is an
important aspect for most of their potential applications.
Accordingly, studies on the structure and dynamics of polymer/
HNT hybrids in water could be crucial to understand the
stabilization mechanism controlling the aqueous colloidal stability
of the nanotubes. In this work, we investigated the structural
behavior of aqueous mixtures based on halloysite and biopolymers
with different charges, including non-ionic hydroxypropylcellulose
and biopolyelectrolytes (anionic alginate and cationic chitosan), in
order to explore the influence of the specific supramolecular
interactions on the nanoarchitecture of the HNT/biopolymer
hybrids. These investigations were conducted by using a com-
prehensive approach based on combining different methods
(small-angle neutron scattering, fluorescence correlation spectro-
scopy and electric birefringence) not employed before together for
the characterization of polymer/HNT hybrids, with the aim of
gaining an improved understanding of their interactions and
structures and the resulting stability in aqueous solutions.

Materials and methods
Chemicals

Hydroxypropyl cellulose (HPC; average molecular weight =
80 kg mol "), sodium alginate (average molecular weight =
90 kg mol %), chitosan (deacetylation degree = 75-85%, average
molecular weight = 120 kg mol '), fluorescein isothiocyanate
(FITC), 5-[(4,6-dichlorotriazin-2-yl)amino]fluorescein (DTAF),
phosphate-buffered saline (PBS), sodium bicarbonate (NaHCO3),
sodium hydroxide (NaOH) and glacial acetic are Sigma products.
Halloysite (HNT, purity >99.5%) from Matauri Bay was provided
by Imerys. SEM images of HNTs are presented in the ESL{ All the
chemicals were used without further purification. Water was of
Millipore grade. D,O was purchased from Eurisotop in 99.9%
isotopic purity.
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Preparation of HNT/biopolymer dispersions

HNT/biopolymer dispersions in aqueous solvents were pre-
pared as reported elsewhere.*® Firstly, stable aqueous solutions
of each polymer were obtained by magnetically stirring at 25 °C
for 3 h. Chitosan was solubilized in acidic solvent (pH = 4.5) because
of its low solubility under neutral conditions. The pH of the aqueous
solvent was adjusted by adding glacial acetic acid. The final concen-
tration of acetic acid was set at 5 g dm > (0.083 mol dm ™). Then,
HNT/biopolymer dispersions with various compositions were
obtained by direct addition of appropriate amounts of halloysite
powder into the polymer solutions. The HNT/biopolymer mixtures
were homogenized by ultrasonication for 10 min and subsequent
magnetic stirring at 25 °C for 24 h.

Small-angle neutron scattering (SANS)

SANS measurements were carried out at Institut Laue-Langevin
(ILL), Grenoble (France), on the instrument D11.*> The experi-
ments were conducted at four different configurations with
sample-to-detector (and collimation in parenthesis) distances
of 1.5 m (8 m), 8 m (8 m), and 34 m (34 m), using a wavelength
/. of 6.0 A (fwhm of 10%) and 39 m (40.5 m) with / = 13.0 A
and fwhm of 10%. Based on these experimental conditions, the
investigated scattering vector (g = 4msin(6/2)/2, 0 being the
scattering angle) ranged between 0.007 and 4.20 nm™'. The two-
dimensional patterns were corrected for the detector efficiency
using the scattering of a 1 mm H,O sample and for the dark
current signal; the contribution from the empty cell was sub-
tracted; and finally, the patterns were radially averaged as all
samples were scattering isotropically. Data reduction was per-
formed with LAMP,** while SASfit 0.94.8 software** was used for
the analysis of SANS curves in absolute scale. The experiments
were performed in full contrast conditions (D,O as solvent) on
halloysite/biopolymer dispersions. Similar to our previous work on
pristine halloysites,”> the HNT concentration was set at 80 g dm™>.
Raw and reduced SANS data are available free of charge at
doi:10.5291/ILL-DATA.9-12-473.%*

Electric birefringence (EBR)

EBR experiments were conducted using rectangular pulses of the
electric field (1.25 x 10°> V. m™ ') generated by a Cober high power
pulse generator (Model 606). The pulse length was fixed at 2.5 ms.
The quartz cuvettes were illuminated with a He/Ne laser (633 nm),
and the signal was detected by a photomultiplier and recorded on
a Datalab transient recorder, DL 920. EBR measurements were
performed on halloysite/biopolymer aqueous dispersions with
various compositions. The HNT concentration was fixed at
0.15 g dm°, while the halloysite/biopolymer mass ratio was
systematically changed from 0 to 0.95. It should be noted that
EBR experiments for halloysite/chitosan mixtures were conducted in
acidic solvent (pH = 4.5, concentration of acetic acid of 5 g dm™3).
All mixtures were thermostated at 25 °C.

Fluorescence correlation spectroscopy (FCS)

FCS experiments were conducted by using a Leica TCS SMD FCS
system with hardware and software for FCS from PicoQuant
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(Berlin, Germany) integrated into a high-end confocal system, a
Leica TCS SP5 II instrument. The calibration of the confocal
volume (0.135 fL) was performed by measuring the characteristic
time of Rhodamine 6G (5 x 10~° mol dm ) in water with a known
diffusion coefficient of 4.0 x 107'® m*> s™.*® An argon laser (1 =
488 nm) was employed for the excitation of the fluorescent probes.
Alginate was fluorescently labeled by using 5-[(4,6-dichlorotriazin-2-
yl)aminolfluorescein (DTAF),”*® while fluorescein isothiocyanate
(FITC) was selected as the fluorescent probe for chitosan.*” Details
on the preparation of fluorescently labeled polymers (DTAF/alginate
and FITC/chitosan) are reported in the ESL{ FCS measurements
were conducted on the HNT/labeled biopolymer aqueous mixtures
and on the aqueous solutions of the pure labeled biopolymers.
The concentrations of the labeled polymers were set at 0.05 and
0.1 mg dm~* for FITC/chitosan and DTAF/alginate, respectively.
The overall concentrations of the polymers were fixed at 5 and
10 ¢ dm™? for chitosan and alginate, respectively. We selected
50 and 100 g dm™* as halloysite concentrations for chitosan- and
alginate-based mixtures, respectively. On this basis, the mass ratio
between HNT and the labeled biopolymer was fixed at 1:10%. On
the other hand, the HNT/biopolymer mass ratio was 10: 1.

Scanning electron microscopy (SEM)

The surface morphology of halloysite nanotubes was investigated
using a microscope, ESEM FEI QUANTA 200F. Before each experi-
ment, the surface of the sample was coated with gold in argon by
means of an Edwards Sputter Coater S150A to avoid charging
under the electron beam. The measurements were carried out in
high vacuum mode (<6 x 10~* Pa) for simultaneous secondary
electrons; the energy of the beam was 25 kV and the working
distance was 10 mm.

Results and discussion

SANS data analysis: structural characterization of
HNT/biopolymer hybrids

Fig. 1 shows the scattering curves in full contrast for HNT and HNT/
biopolymer dispersions with a mass ratio of biopolymer/HNT of 0.1.

As observed for pure halloysite from different sources,*’
SANS curves of the HNT/biopolymer mixtures did not evidence
any oscillations, in agreement with the large polydispersity of
the HNT radii. Similar observations were detected for HNT/
surfactant systems.>?

According to the literature, two different Guinier regions
can be considered for elongated particles, such as rigid rods.
Within the low g Guinier interval, the scattered intensity of
elongated objects varies as

50,51

2.2
10) = 100) x exp 25T ) 1)

where I(0) is the scattering intensity at the limit g — 0, while R,
is the gyration radius of the whole particle, which is related to
the length (L) and the radius (R) of the scattered rod by the
following relation

RS> = (L)12 + (R?)/2 (2)
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On this basis, we calculated that the theoretical R, of halloysite
nanotubes is 294 nm by taking into account their average sizes in
terms of length (1000 nm) and external radius (80 nm).**

According to eqn (1), In(/(g)) vs. ¢* plots describe linear
trends allowing us to determine R, and I(0) from their slopes
and their intercepts, respectively. SANS data at small angles
(0.007 nm™' < g < 0.009 nm™ ') were analyzed by eqn (1). As
displayed in Fig. 2, In(I(¢)) was linearly dependent on g for all
of the investigated dispersions. Table 1 collects the R, and 1(0)
data obtained from the Guinier analysis of SANS curves.

In addition, the Guinier analysis for elongated particles
can be conducted in the intermediate g range, where the
dependence of the scattered intensity on the radial gyration
radius is expressed as

2.2
- 160) = 1°0) xexp 25T ®)

where 7%(0) is the prefactor and R,” = R*/2 and, thus, we can
state that R, determined from the intermediate g region is
related only to the cross section of the rod.>* Accordingly, we
calculated R, = 53 nm for cylinders with R = 80 nm, which is the
average outer radius of halloysite nanotubes.** By taking into
account both the inner and the outer radii of halloysite (80 and
15 nm, respectively),’” we estimated R, = 57 nm for the cross
section of the hollow nanotube.

It should be noted that eqn (3) is valid for g-R; ~ 1, which
indicates that g values between 0.015 and 0.02 nm ™" represent
the proper intermediate g range for scattered halloysite. As
expected by eqn (3), In(g-I(g)) vs. ¢* plots within the intermediate
g range (Fig. 2) were successfully fitted by linear equations that
provided the corresponding R, and I*(0) values (Table 1).

From the Guinier linear analysis for elongated objects, we
find that the halloysite gyration radii are hardly affected by the
adsorption of both anionic alginate and cationic chitosan (Table 1).

Regarding 1(0), the HNT/biopolymer composites showed
slightly larger values with respect to that of pure HNT (Table 1)
due to the polymer adsorption onto the halloysite surfaces.
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Fig. 1 SANS intensity as a function of g, the magnitude of the scattering
vector, for HNT/chitosan, HNT/alginate, HNT/HPC and HNT dispersions in
D,0O. The HNT concentration and the HNT/biopolymer mass ratio were
80 g dm~3 and 10, respectively.
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Fig. 2 Guinier plots for HNT/chitosan, HNT/alginate, HNT/HPC and HNT
dispersions in D,O within the low (0.007 nm™ < g < 0.009 nm~) and the

intermediate (0.015 nm™! < g < 0.02 nm™}) regions. The low g Guinier

plot is In(/(@)) vs. g° (top), while the intermediate g Guinier plot is In(g-/(q))
vs. g2 (bottom). Dashed lines represent the fitting according to eqn (1)
and (3).

As reported for silica/polyelectrolytes systems,>® the actual
amount of biopolymer adsorbed onto the nanotubes can be
calculated from I(0) values, which are related to the density (*N)
and the volume (V) of the nanoparticles by the following
equation

1(0) = '"N-V*-ASLD?-S(0) (4)

where S(0) is the structure factor at g — 0, whereas ASLD is the
difference between the scattering length density of the nano-
particle (SLDpanoparticie) and that of the solvent (SLDgjvent)- Nis
the number density of HNT and was determined by the
concentration and HNT geometry considering the corres-
ponding polydispersity. Based on eqn (4), we calculated 1(0) =
27.6 x 10° cm ™! for the pure HNT solution, which is close to
the experimental result (Table 1). Details on the calculation of
the number density ("N) and the volume (V) of HNT are
presented in the ESL¥

As concerns the biopolymer coated nanotubes, the volume
(Venymiop) and the scattering length density (SLDgnygiop) Of the
hybrid nanoparticles can be expressed as

Vintiop = Vant * 1(®siop/ 1NHNT) (5)

= (SLDynr Vant + SLDgiop - (d)BlOp/ Nun))/
(Vanr + X'(¢Biop/ Nint)) (6)

SLDHNT/ Biop —
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Table 1 Fitting parameters obtained by the Guinier analysis of SANS data
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1(0)/10° em ™! (from

Rg/nm (from low

#(0)/em ™" (from Ry/nm (from

low ¢ region) q region) intermediate g region) intermediate g region)
HNT 27.4 + 1.0 223 £+ 18 166 + 2 41 +5
HNT/alginate 31.7+ 1.1 222 + 19 240 £ 2 39+5
HNT/chitosan 30.8 £ 1.1 226 + 21 187 £ 2 40 £ 4
HNT/HPC 30.5 £ 1.2 209 + 20 281 £ 3 40 £ 5

Table 2 Quantitative adsorption parameters for HNT/biopolymer hybrids
at a biopolymer/HNT mass ratio of 0.1, as determined by the Guinier
analysis of SANS data in the low g range

2

b4 Ry(Biop/mNT) Z/mg m™~
HNT/alginate 2.97 x 1072 7.56 x 10°° 3.44 + 0.06
HNT/chitosan 1.78 x 1072 4.21 x 1073 2.19 + 0.07
HNT/HPC 9.61 x 107 2.38 x 107° 1.48 + 0.03

where ¢g;iop and Vi are the total volume fraction of biopolymer
and the volume of uncoated HNT, while y corresponds to the
fraction of biopolymer adsorbed onto halloysite with respect to
all the biopolymer in the dispersion.

Assuming S(0) = 1, the numerical solution of eqn (2)-(4)
allowed us to estimate y from the I(0) values. Based on the
calculated y values (Table 2), we calculated the biopolymer/HNT
volume ratio (Ry(siop/unt)) Of the coated nanotubes, as detailed
in the ESL¥

The biopolymer surface coverage (Z) onto the HNTs was
calculated by using the Ryngiop) Values and taking into account
the specific surface area (SSA) of halloysite (28.3 m* g~ )* through
the following equation

zZ= PBiop/ (PHNT‘SSAHNT‘RV(Biop/HNT)) = Cunt/ (CBiop‘X‘SSAHNT)

(7)

As evidenced in Table 2, we observed larger Z values for the
ionic biopolymers compared to that of HPC indicating that the
electrostatic interactions play a crucial role in the formation of
complex systems based on halloysite. For chitosan and alginate,
very similar values for the surface coverage are observed, being
slightly higher for cationic chitosan, which preferentially interacts
with the HNT outer surface, wrapping the nanotubes. On the
other hand, anionic alginate should mostly be confined within
the positively charged HNT cavity. It might also be noted that the
obtained Z values for the ionic biopolymers correspond to a “dry”
(neglecting hydration water, which, of course, will be there at the
real surface layer) polymer layer thickness of ~1.6-1.8 nm, which
is a realistic value for dense polymer coverage.

Similar to our previous work on HNT/surfactant hybrids,*
SANS curves of HNT/biopolymer mixtures were simulated by
using a hollow cylinder with a uniform SLD profile (Fig. 3).

According to this model, the scattering intensity can be
expressed as

I(q) = 'N x P(q, R;, AR, 0, L, SLDunwmiops SLDs) + Incic  (8)

where the form factor is P(g, R;, AR, 6, L, SLDyN1giops SLDs), and
Ri, AR and L are the geometrical parameters (internal radius,

This journal is © the Owner Societies 2020

shell thickness and length, respectively), I, is the incoherent
scattered background (evaluated by Porod analysis applied to
the larger g range), and SLDyn1yiop and SLD; are the scattering
length densities of the nanotube shell and solvent, respectively.
Namely, we assumed that the biopolymer is included in the
shell of the hollow cylinder, while the core is based on pure D,O.
The same assumption was considered for the SANS data analysis
of halloysite nanotubes modified with anionic surfactants,
which are selectively adsorbed within their cavity.33 SLDunNt/Biop
was estimated on the basis of the composition of the biopolymer
coated HNT determined from the Guinier analysis of SANS data in
the low g range (Table 2). The SLDynmmiop Values used for the
simulation of the SANS curves of the HNT/biopolymer mixtures are
presented in the ESL} Based on the Schulz-Zimm distribution,>* a
polydispersity (¢) defined as ((AR*)/{(AR)*) — 1 was considered for
the shell thickness. As reported for the simulation of pure HNT
from the Matauri Bay deposit,” R; and L were fixed at 15 and
1000 nm, respectively.

Electric birefringence (EBR): the effect of biopolymer
adsorption on the HNT rotational mobility

The analysis of EBR results allowed us to investigate the influence
of the biopolymer adsorption on the rotational mobility of halloy-
site nanotubes. As an example, Fig. 4a displays the relaxation of
the birefringence signal for the HNT/HPC aqueous mixture (mass
ratio = 0.1). It can be noted that the electric field pulse was chosen
to be so short that no saturation of the signal took place, but only
an initial orientation was imposed.

As observed for the pure HNT*® and for HNT/surfactant
hybrids,* a transient birefringence was induced by the electric
field applied in the form of a rectangular pulse. This pheno-
menon is related to the HNT polarizability that causes a partial
alignment of the nanotubes. Once the voltage pulse is termi-
nated, the nanotubes are free to reorient and, consequently, the
magnitude of the birefringence (An) exponentially decreases
with time following the equation

An = Ang exp(—t/t) 9)

where 7 is the characteristic relaxation time of the nanotubes,
while An, represents the maximum of the birefringence signal.
As an example, the fitting analysis of An vs. ¢ decay for the HNT/
HPC aqueous mixture (mass ratio = 0.1) is reported in the ESIf.
Fig. 5 shows the dependence of 7 on the biopolymer/HNT
mass ratio (Rwmiop/unt)) Of the mixtures. The corresponding
rotational diffusion coefficient (D,,) reported in the ESIt was
calculated as Do = (67) .
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Fig. 4 Transient electric-field-induced birefringence signal for aqueous
dispersion with a HPC/HNT mass ratio of 0.1. The HNT concentration was
0.15 g dm™>. The experiments were conducted using rectangular pulses
(the applied electric field and the pulse length were fixed at 1.25 x 10°V m™*
and 2.5 ms, respectively). The dashed line represents the time point where the
electric field was switched off.

As a general result, the presence of the biopolymer induced
a v enhancement indicating that the rotational mobility of
the nanotubes was reduced. This effect can be attributed to
the biopolymer adsorption onto the halloysite surfaces. In
particular, © vs. Rymiop/unt) Plots exhibited increasing trends

8198 | Phys. Chem. Chem. Phys., 2020, 22, 8193-8202

for Ry(piop/unt) < 0.3, while further addition of the biopolymer
did not affect the relaxation time of the nanotubes. This
indicates that here the attachment of the biopolymer is effectively
saturated. In this regard, it should be noted that the reduction of
the HNT rotational mobility cannot be simply attributed to the
increase of mass upon adsorption because the amount of the
biopolymer bound to the halloysite surfaces is less than 2% for all
the investigated systems (Table 2). It should be noted that the
presence of biopolymer causes a slow enhancement of the
viscosity, which could contribute to the reduction of the HNT
rotational mobility. However, this effect is negligible because the
biopolymer concentration range is within a dilute regime (up to
ca. 0.12 wt%). As an example, a relative D, variation of only 7% is
expected for the aqueous HPC/HNT mixture (with concentrations
of 1 and 0.1 wt% for halloysite and polymer, respectively), because
its intrinsic viscosity is 1.078, as reported in our previous paper.*®
In addition, the influence of the polymer concentration on D,y
would be more important if the solvent viscosity significantly
affected the HNT rotational mobility. Accordingly, overlapping
and/or bridging of the polymer-coated nanotubes could be
expected for the investigated mixtures. Compared to non-ionic
HPC, ionic biopolymers induced stronger effects on the HNT
rotational mobility due to the electrostatic interactions. The selective
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interactions of the polyelectrolytes with the charged HNT surfaces
affected their influence on the rotational diffusion of the nanotubes.
The effect of chitosan on the HNT rotational mobility is stronger
with respect to that of alginate, which is mostly confined to the
positively charged clay lumen. These results could indicate that
chitosan is bound at the outside surface interconnecting different
HNTs, thus substantially slowing down their rotation.

In addition, D, values allowed us to determine the length of
the nanotubes in the biopolymer/halloysite mixtures by using
Broersma theory, which is valid for rigid rods with length/
diameter ratios between 2 and 30. This approach was success-
fully employed for halloysite nanotubes modified with anionic
surfactants.®® Details on the calculation of the HNT length
using Broersma theory are presented in the ESI.f We estimated
that the HNT length in water is 809 & 7 nm. As a general result,
the presence of biopolymers induced an increase of the halloy-
site length (see ESIt). In particular, the chitosan adsorption
generated the strongest effect on the HNT length, which
reached the largest value of 1228 + 11 nm for the biopolymer/
HNT mass ratio of 0.67. According to the EBR results, we
estimated the overlap concentration for HNTs by assuming a
simple cubic model where the contact distance corresponds to
the length of the nanotubes. Specifically, the critical volume
fraction (¢*) for the HNT overlapping was calculated as ©R*/L?.
As concerns pure HNTs, we determined that the overlap concen-
tration is ca. 500 times higher with respect to the concentration
of the investigated dispersion, confirming that the EBR results
reflect the free rotation of the nanotubes. We observed that
the overlap concentrations for biopolymer-coated nanotubes
are ca. 2 orders higher with respect to the concentration of the
investigated mixtures. Therefore, the influence of the bio-
polymer adsorption on the HNT rotational mobility can be
explored by the EBR data.

Fluorescence correlation spectroscopy (FCS): the influence of
the adsorption onto the HNT surfaces on biopolymer dynamic
behavior in aqueous medium

The influence of the HNT/biopolymer electrostatic interactions
on the dynamic behaviour in water of the biopolyelectrolytes
was explored by FCS studies. Biopolymers were fluorescently
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Fig. 5 Relaxation time determined by the fitting of the EBR data as a
function of the biopolymer/HNT mass ratio at a HNT concentration of
0.15 g dm™> (SANS and FCS experiments were done at 0.1).
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Fig. 6 Normalized FCS decay curves for FITC/chitosan and HNT/FITC/
chitosan mixtures in water. The concentration of the labeled chitosan
(FITC/chitosan) was set at 0.05 mg dm ™3, while the overall concentration
of chitosan was fixed at 5 g dm~3. Accordingly, the labelled chitosan/HNT
mass ratio was 10~* and the chitosan/HNT mass ratio was 0.1. Red lines
represent the fitting according to the pure diffusion model (egn (10)). The
FCS curve for HNT/FITC/chitosan was arbitrarily shifted along the y-axis by
adding a constant 0.2 to the experimental data.

labelled with proper probes, such as FITC and DTAF for chitosan
and alginate, respectively. Fig. 6 shows the effect of the HNT
addition on the correlation function of the FITC/chitosan aqueous
solution.

According to the adsorption process, a significant reduction
of the biopolymer mobility was detected in the presence of
HNT. As evidenced by Fig. 6, the correlation functions of both
FITC/chitosan and HNT/FITC/chitosan systems were successfully
described by the stretched model expressed by the following
equation®®

G(1) = G(0) - Kl + (%)) exp(_f/TT)}
(+6)) (=)

where T is the fraction of the molecules in the triplet state, « is
the stretched parameter and 7y is their relaxation time. S is given
by the anisotropy (ratio of the vertical and lateral extensions),
while 7. and G(0) are the intercept and the decay time, respectively.
As reported in the literature,*® the contribution of the triplet state
cannot be neglected for DTAF molecules, while we did so for FITC.

It should be noted that the pure diffusion model was
successfully employed for the FCS data analysis of HNT/surfactant
hybrids containing Nile red.*® Table 3 reports the fitting parameters
(G(0) and t.) for FITC/chitosan and HNT/FITC/chitosan (x values
were 0.770 + 0.011 and 0.904 + 0.015, respectively).

In addition, we calculated the diffusion coefficient (D) as

(11)

where ), is the lateral extension (590 nm) of the confocal
volume.

The decay of FITC/chitosan reflects the dynamic behavior of
the polymer, confirming that the fluorescent probe was success-
fully attached to the chitosan molecule. It is noteworthy that the
diffusion coefficient of the HNT/FITC/chitosan mixture is much

D = wy*/41,
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Table 3 Intercept and the decay time (with the corresponding diffusion coefficient and hydrodynamic radius) obtained from the fitting analysis of FCS
curves. Pure diffusion and triplet state models were employed

Fitting model G(0) 7./ms D/um?* s™* Rp/nm
FITC/chitosan Pure diffusion 0.0943 + 0.0003 1.62 + 0.03 53.6 + 1.0 4.56 + 0.09
HNT/FITC/chitosan Pure diffusion 0.0782 + 0.0004 54.8 £ 1.6 1.59 + 0.05 154 + 4
DTAF/alginate Triplet state 0.119 + 0.003 1.80 & 0.29 48 £ 8 5.1+ 0.8
HNT/DTAF/alginate Triplet state 0.078 £ 0.007 3.5+ 1.0 24 +7 10+ 2

larger (ca. 50 times) with respect to that of the pure labeled
polymer, which proves the strong binding of chitosan. Table 3
compares the corresponding hydrodynamic radius (Ry,) calculated
by using the Stoke-Einstein equation. In contrast, the presence of
HNT led only to a small reduction of mobility of DTAF/alginate
(Fig. 7), which indicates here only a rather weak extent of binding.

The ESIt reports the fitting parameters obtained by the
fitting through the triplet state model®® of FCS curves for DTAF/
alginate and HNT/DTAF/alginate suspensions. The presence of
HNT induced a reduction by a factor of 2 for the diffusion
coefficient of the DTAF/alginate. Based on the FCS results, we
can assert that dynamic behavior in water of both biopolyelectro-
lytes decreases as a consequence of their adsorption onto HNT
surfaces. This effect is much stronger for cationic chitosan, which
is wrapped onto the nanotubes. We can assume that the D values
for HNT/labeled polymers are given by two contributions: (1) the
fast diffusion process (Dr.gst), which is related to the unbound
polymer; (2) the slow diffusion (Dgow) due to the diffusion of the
polymer adsorbed onto HNT surfaces. Based on the SANS data
analysis (Table 2), only ca. 2 wt% of both chitosan and alginate are
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Fig. 7 Normalized FCS decay curves for DTAF/alginate and HNT/DTAF/
alginate mixtures in water. The concentration of DTAF/alginate was set at
0.1 mg dm~3, while the overall concentration of alginate was fixed at
10 g dm~3. Accordingly, the labelled alginate/HNT mass ratio was 10~% and
the mass ratio between the overall alginate and HNT was 0.1. Red lines
represent the fitting according to the triplet state model.>®
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bound onto HNT. Therefore, the fast process should be predomi-
nant in the experimental diffusion coefficient. This consideration
is valid for HNT/DTAF/alginate, while the much slower diffusion of
HNT/FITC/chitosan could indicate that the biopolymer becomes
immobilized by bridging different HNTs. In conclusion, FCS
findings agree with the EBR data, which evidenced that chitosan
adsorption induced the most significant reduction of the HNT
rotational diffusion coefficient. Based on these results, we can
argue that bridging between chitosan-coated nanotubes can be
hypothesized.

Conclusions

We investigated the structural behavior of aqueous mixtures
composed of halloysite nanotubes (HNTs) and differently
charged biopolymers, such as cationic chitosan, anionic alginate
and non-ionic hydroxypropylcellulose. The simulation of SANS
curves by a hollow cylinder model evidenced that the biopolymer
coated nanotubes possesses similar geometrical features (in
terms of sizes and polydispersity) as those previously observed
for pure HNT. SANS data at low and intermediate g were
successfully analyzed by the Guinier approach for rod-like
objects. In addition, the SANS analysis showed that charged
biopolymers exhibit larger adsorption efficiencies that can be
attributed to the stronger electrostatic interactions. In agreement,
EBR results showed that the decrease of the HNT rotational
mobility is more affected and reduced for halloysite/ionic
biopolymer mixtures. In this respect, chitosan caused a some-
what stronger alteration of the halloysite rotational mobility
because of the HNT wrapping driven by the attractive forces
between the positively charged biopolymer and the halloysite
external surface, which is positively charged. The analysis of FCS
curves evidenced that the adsorption process decreases the
aqueous diffusion coefficients of both polyelectrolytes. The
stronger effect is observed for the HNT/chitosan mixture, which
showed a reduction by ca. 50% compared to that of the pure
biopolymer as a consequence of the wrapping process. In
conclusion, a systematic correlation between the structure of
the HNT/biopolymer hybrid and the structure of the biopolymer
was demonstrated by the investigation of aqueous mixtures by
applying a comprehensive set of characterisation techniques
(SANS, EBR, and FCS) to these composites.
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