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Preface

This Ph.D. thesis entitled “Halloysite for smart nano-structured materials in sustainable
applications” was initiated in November 2017 and finalized in September 2020. The study was
mostly carried out at University of Palermo (Department of Physics and Chemistry - Emilio Segré)
and some experiments were done at the Molecular Design Institute of the New York University
(USA) during a scientific stage of 6 months as Fulbright Visiting Student Researcher. The thesis
reports fundamental and precise physico-chemical insights on nanosized materials deriving from
environmental friendly resources, such as nanoclays and biopolymers, with a special focus on
Halloysite Nanotubes (HNTSs). In detail, the thesis includes eight chapters. The first one summarizes
the properties and the current applications of green materials (nanoclays, biopolymers and their
composites). Chapter 2 provides the first thermodynamic demonstration of the water confinement
within halloysite nanotubes and a proper description of their loading mechanism, thus allowing the
optimization of the loading protocols and the targeting of the drug localization within the nanoclay.
Chapters 3 and 4 are dedicated to the preparation and physico-chemical characterization of
selectively functionalized HNTs and hybrid gel beads, respectively, with potential applications as
smart and stimuli responsive delivery systems. The evaluation of the clays as nanofillers for the
improvement of the thermal and mechanical performances of bioplastics was carried out in Chapter
5, in order to assess their effectiveness as biocompatible materials by correlating the macroscopic
features to the microscopic properties. Chapter 6 shows the design of green and eco-compatible
functional biohybrid materials. The preparation and physico-chemical characterization of the new
nano-engineered architectures is reported, together with their employ in health and biomedical
science. The experiments performed at New York University are reported in Chapter 7. Herein, a
new protocol for the preparation of Pickering emulsions based on halloysite and wax is proposed
and then employed for the consolidation of waterlogged archeological woods. Lastly, Chapter 8
outlines the most important insights and significant observations provided by this thesis. The details
on the equipment used for the physico-chemical characterizations, on the preparation strategies and

on the experimental data can be found in the attached related papers (Chapter 10).
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1. Eco-sustainable materials



1.1 Introduction

One of the major critical societal challenges in the 21% century is the strong demand in reducing the
environmental degradation and the irresponsible consumption of the natural resources our Earth can
actually offer. Pollution and climate change are the most urgent issues that science must tackle in
the medium period. Hence, from both the scientific and the technological points of view, the need to
exploit and strengthen all the possibilities to achieve this purpose is compelling." Worldwide,
scientists and researchers are making great efforts with the aim to provide new green tools to the
society, thus ensuring a more respectful development model. Fossil fuels have been the most used
source of energy that is being employed to meet the world’s increasing energy demands and their
use is undoubtedly associated with many different problems and harmful side effects. For instance,
the disposal of plastic wastes by incineration increases carbon dioxide amounts in the ecosystem
and, in some cases, generates toxic products which contribute to the global warming and the
environmental pollution.? Petrochemical-based plastics are widely used due to their large
availability, easy processing, low cost and good mechanical properties. Nevertheless, their use must
be restricted because they pose some serious ecological concerns. The growing environmental
attention requires a profound commitment and, in the most recent years, researchers have focused
their attention on the design of new advanced and biodegradable materials with the purpose to
replace traditional plastics and to encourage the eco-sustainable transition.? Specifically, they tried
to replace the petroleum-derivatives with eco-friendly, renewable and no toxic natural raw materials
from agricultural or marine sources.* Natural biopolymers that can be sustainably produced and are
both biodegradable and biocompatible are good candidates but, despite their clear environmental
benefits, their use shows major limitations as they generally possess limited mechanical
performance due to their low stiffness and strength, weak physical and poor barrier properties and
other features that make difficult their direct replacement and their use in commercial applications.’
In light of this, developing new environmental-friendly, green and eco-sustainable materials with
specific and tailored physico-chemical properties is an ongoing challenge in the field. For instance,
the biopolymer functionality can be tuned through its combination with additives, such as
plasticizers and nanoparticles,®’ thus representing an alternative to the conventional technologies
for improving polymer properties, which may exhibit markedly advanced mechanical, thermal,
optical, and physicochemical properties compared to those of the pure polymer.®

The class of materials resulting from the union of both organic and inorganic moieties converges in
a wide family of so-called organic-inorganic hybrid materials that show the characteristic aspects
of both the types of components and in some cases additional functionalities inherent to the new

hybrid architecture.’ These materials represent a fast-growing subject dealing with very important
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implications from the academic to the industrial point of view, covering areas of interest as
important as biomedicine, pharmacy and health care, environmental science and technology,
engineering and building materials, energy conversion and storage, among other crucial fields.*
The last generation of hybrids derives from nanosized or nanostructured raw materials, which show
specific functionalities related to the chemical nature of the nanoparticles and organic species used
for their preparation. In particular, nanoclays are really promising as inorganic nanoparticles that
can be used for this purpose, thus leading to the design of clay-based hybrids and nanocomposites.
More specifically, the organic moiety can be of biological origin and it can present an evolved
functional activity. In this letter case, the materials are known as ‘biohybrids’.11 On this basis,
nanoclays and biopolymers must be considered really interesting green materials for their

environmental implications.

1.2 Nanoclays

Although nanoclays technology is a recent development, the science of clay has existed since the
dawn of humanity. From prehistoric times, the use of clay is known in architecture, industry, and
agriculture with the production of mural paintings, sun-dried or fired bricks, tiles for wall and floor,
ceramics, etc. A common characteristic of clay minerals is their fine grained natural structure with
sheet-like geometry. Indeed, the sheet-structured hydrous silicates are generally referred to as
phyllosilicates. Clay minerals can be divided into four major groups in terms of the variation in the
layered structure: the kaolinite group, the smectite group, the illite group, and the chlorite group.*?
The kaolinite group (e.g. kaolinite, nactrite, etc.) is characterized by Al,Si,O5(OH), as unit formula.
Some members of this group are polymorphs, meaning that they have the same formula but
different structure, such as halloysite. Each member is composed of silicate sheets (Si,Os) bonded
to aluminum oxide/hydroxide layers (Al,(OH)4). Montmorillonite, talc and saponite are a few
members of the larger smectite clay group. The general formula for this group is
(Ca,Na,H)(Al,Mg,Fe,Zn),(Si,Al);010(0OH),*H,0. The structure contains silicate layers sandwiching
an aluminum oxide/hydroxide sheet (Al,(OH),4). The illite group is represented by the mineral illite,
the only common clay type. The general formula is (K,H)AI,(Si,Al)4010(OH),*H,0. The structure
of this group is similar to the montmorillonite group with silicate layers sandwiching an aluminum
oxide/hydroxide sheet in the same stacking sequence. The chlorite group is relatively large and its
members are not necessarily considered as clays, since some of them are different in formulas and

structures.*?



Overall, each layer in the structure is composed of two types of sheets: tetrahedral and octahedral.
The former is composed of silicon-oxygen tetrahedra linked to the neighboring tetrahedra by
sharing three corners, resulting in a hexagonal network. The remaining fourth corner of each
tetrahedron forms a part to the adjacent octahedral sheet. The latter, instead, is usually composed of
aluminum or magnesium in a six-fold coordination with oxygen from the tetrahedral sheet and with
hydroxyl groups. The two sheets together form a layer, and several layers may be joined in a clay
crystallite by the interlayer cations, Van der Waals force, electrostatic force, or by hydrogen
bonding. The structure of clay minerals can be described in terms of arrangement of tetrahedral and
octahedral sheets, allowing the classifications of the clays into three categories: 1:1, 2:1 and 2:1:1
phyllosilicates. The 1:1 phyllosilicates, like kaolinite and halloysite, have one tetrahedral and one
octahedral sheet per clay layer whereas the 2:1 phyllosilicates contain two tetrahedral sheets and
one octahedral sheet sandwiched between the two tetrahedral sheets (montmorillonite, laponite and
illite are a few examples). For what concerns the 2:1:1 phyllosilicates, like cloisite, they are
composed of an octahedral sheet adjacent to a 2:1 layer.™

Isomorphous substitution is the replacement of an element with another element in mineral crystal
without modifying its chemical structure. For example, AI** can replace Si** in the tetrahedral

I** can be replaced by Mg®* or by Fe?* and Mg* by Li* in the octahedral

coordination, and A
coordination. The presence of these substitutions can create charges that are counterbalanced by
ions situated in the interlayer.

The term ‘nanoclays’ is used here to denote clays whose particles have at least one dimension in the
nanoscale range (1-100 nm).** Due to their most peculiar features of morphology, tunable surface
chemistry, hydrophilic character, surface area and aspect ratio, nanoclays have attracted growing
interest in material science as raw materials for the design of smart functional new architectures to
be used in many industrial and technological applications.™® Within this field, halloysite, kaolinite

and sepiolite are new emerging clays with unique properties and appealing perspectives.

1.3 Halloysite and Kaolinite

Halloysite and Kaolinite are two 1:1 phyllosilicates, belonging to the same clay minerals group,
with the chemical formula of Al,Si,O5(OH)4-nH,0. Despite the same chemical nature, the main
difference between these two clays is their structural organization. Indeed, halloysite most
characterizing feature is its typical hollow tubular morphology, being composed of a layer of Si—O-
Si tetrahedrons overlapping Al-OH octahedrons that create a kaolinite-like sheet, which further
rolls up forming hollow tubular nanoparticles (Figure 1.3.1).%° It is currently unclear the reason of



flat kaolinite rolling into Halloysite Nanotubes (HNTs).%’ We can suppose that a packing disorder is
created by an interlayer of water molecules, thus causing the curvature and further rolling up of the
two neighboring alumina and silica sheets, and forming the multilayer nanotubes. Herein, it is
reported that the HNTs walls are formed by the rolling of 15-20 aluminosilicate layers.’ In
particular, the “n” in the unit formula of halloysite represents the number of interlayer water
molecules and it can be n = 0 and n = 2 for the hydrate or dehydrate nanoclay with a resulting
interlayer distance of 0.7 nm and 1 nm, respectively.?* Contrarily to it, kaolinite morphology is a
simple layered sheet.® Halloysite dimensions strongly depend on the natural deposit the raw clay is
extracted from. The HNTs external diameter is 50-200 nm, while the internal diameter and the

length are 15-50 nm and 1-2 um, respectively.?
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Figure 1.3.1. Crystalline structure of Halloysite (Ref. 19,22).

Interestingly, halloysite displays a positively charged lumen and a negatively charged outer surface
in the pH range between 2 and 8. This characteristic is due to the different chemical compositions,
since the external surface is composed of Si—O-Si groups while the inner surface consists of a
gibbsite-like array of Al-OH groups.?® Being a direct consequence of the clay morphology, this
property can not be found in kaolinite sheets, which possess different charges in the opposite
surfaces. For what concerns HNTSs, therefore, this unique feature allows to operate a selective
targeted modification of the inner/outer surfaces driven by electrostatic interactions.?®*’ These
groups allow the clays, both halloysite and kaolinite, to participate in electrostatic or hydrogen
bonding in polar solvents and to interact favorably with the functional groups of a wide range of
chemical species.?® Moreover, HNTs are biocompatible as shown in several in vitro and in vivo
studies.”® Hence, due to various characteristics such as a nanoscale lumen, high aspect ratio,
relatively low hydroxyl group density on the surface, etc., numerous advanced applications have
been discovered for this unique, cheap, and abundant clay.®*? Within this issue, the tubular shape
represents an appealing characteristic providing an encapsulation site for active molecules inside the

5



lumen of the nanotubes, which can act as nanocarriers and delivery systems.®*** In 2001 Price et al.
firstly demonstrated that HNTs are proper nanocontainers for Tetracycline, Khellin, and
Nicotinamide Adenine Dinucleotide.®® Then, several smart materials have been prepared for the
release of bioactive species and halloysite nanotubes based functional new architectures have
received increasing attention as evidenced by research articles and reviews.***" For instance,
Halloysite is a promising nanoclay in numerous applications, including drug delivery of antibiotics

and non-steroidal anti-inflammatory drugs (NSAIDs), 3

or catalytic applications such as metals
immobilization onto its functionalized surfaces for the design of efficient catalysts or for hydrogen
production and storage.***® Moreover, there are many examples proving the importance of
halloysite in addition to eco-compatible polymers as starting building blocks for the preparation of

44-47

novel green materials with specific and technological functionalities. In particular,

environmental remediation with the employ of HNTSs as eco-friendly adsorbents for the capture of

CO,, oils adsorption and toxic chemicals entrapment;*®°

the preparation of bioplastics by filling
halloysite into pectin matrix for food packaging applications and by combining lisozyme loaded
nanotubes and poly (e-caprolactone) (PCL) for the preparation of antimicrobial packaging
membrane;>! the development of halloysite/keratin nanocomposites for the photoprotection of
human air.>? Also, the addition of HNTs into cellulose and chitosan was exploited for the delivery
of curcumin or tissue engineering applications, respectively, and to create membranes for bone
regeneration using chitosan and PEO.>*** Furthermore, other applications deal with the
development of multilayered biocomposites composed by halloysite between biopolymers for
medical or fire retardancy applications,> the design of sustainable cementitious materials for
construction and building technology,®® the creation of self-healing protective coatings by loading
HNTSs cavity with corrosion inhibitors and the employ of nanoclays for stabilizing dye formulations
to create optically active nanopigments.>”*° Finally, the possibility to host a large variety of active
species such as deacidifying (calcium hydroxide) and flame retardant agents (fluorinated
surfactants) together with the tunable and controlled release of these molecules from the inner

lumen of halloysite makes relevant its use for cultural heritage conservation and treatment.®*®*

1.4 Sepiolite

Sepiolite is a microcrystalline hydrated magnesium silicate with Si;203Mgs(OH,F)4(H20)4*8H,0
as theoretical unit cell formula, showing a microfibrous morphology with particle size typically in
the 2-10 um length range. %2 Due to the similarity of OH and F in electronegativity and ionic radius,
the substitution of fluorine for hydroxyl groups is plausible in sepiolite as in other clay minerals.®



Structurally, it is formed by an alternation of blocks and cavities (tunnels) that grow up in the fiber

direction (c-axis) (Figure 1.4.1).
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Figure 1.4.1. Schematic model representing the structure of sepiolite (Ref. 60).

Each structural block is composed of two tetrahedral silica sheets sandwiching a central sheet of
magnesium oxide-hydroxide. Owing to the discontinuity of the silica sheets, silanol groups (Si-OH)
are present on the “external surface” of the silicate particles.®® These groups are located at the edges
of the channels (i.e. those tunnels acceding to the external surface of the silicate) and are directly
accessible to reagents allowing the preparation, for instance, of organic-inorganic materials derived
from sepiolite with different surface organic functions. The dimensions of the cross-section of
sepiolite tunnels are about 11x4 A2. They are filled by two types of water molecules: i) co-ordinated
water molecules which are bonded to Mg?* ions located at the edges of octahedral sheets, and ii)
zeolitic water, associated by hydrogen bonding with the former. This latter type of water molecules
is easily removed by exposure to vacuum or by thermal treatment at about 100 °C, whereas the
former needs more drastic conditions (>350 °C, dynamic vacuum) resulting in the complete
dehydration of the silicate. The loss of these co-ordinated water molecules causes folding of the
structure and the disappearance of the tunnels in agreement with XRD patterns.®? Sepiolite shows
singular rheological and adsorption properties, as well as a large specific surface area (=300 ngfl),
which is related to the presence of pores of different sizes. The high density of hydroxyl groups is
also advantageous to assemble different kinds of nanoparticles provided with diverse
functionalities, leading therefore to the preparation of materials with predetermined properties
useful for diverse potential applications.®>®® The reports from the International Agency for Research
on Cancer (IARC) indicate that there is “inadequate evidence” in animals and humans to determine
the carcinogenicity of sepiolite fibers of length inferior to 5 pm, whereas there is “limited evidence”
in experimental animals for the carcinogenicity of longer sepiolite fibers. Moreover, literature
reports that sepiolite exposure did not alter the cell cycle distribution and it triggers neither the
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DNA damage response program nor apoptosis, suggesting that it does not significantly assault the
genetic material in mammalian cells.®” Furthermore, one of the most interesting features of sepiolite
is its very high colloidal stability in aqueous media that has been exploited for stabilizing, among
others, carbon nanotubes and graphene nanoplatelets suspensions.®®® Bionanocomposites based on
sepiolite involving different types of water-soluble polysaccharides (starch, chitosan, alginate, etc.),
proteins (gelatin, collagen, wheat gluten), and other biomolecules have been reported as well as the
development of biomimetic interfaces based on phospholipids as immobilization hosts for
biological species.””"* In some cases, these materials can exhibit enhanced mechanical properties
compared to analogous materials based on layered silicates. This could be relevant in numerous
applications, e.g., thermal and acoustic insulation, as well as in the packaging industry,
environmental remediation, biomedical and biocatalytic applications. Darder and co-authors
revealed that the association of sepiolite and chitosan resulted in a threefold improvement of the
mechanical properties as compared with unmodified biopolymer films, and at the same time
exhibited interesting functional properties allowing their application as components in
electrochemical devices.”® In light of these properties and features, it is clear that sepiolite

represents a very interesting starting building block for designing a wide class of smart materials.

1.5 Biopolymers

Biopolymers are natural-based polymers and an alternative to the petroleum-based materials. They
gained recent research interest due to renewability, ecosystem friendliness, availability,
sustainability, and degree of functionality. They are chain-like molecules made up of repeating and
covalently bonded chemical blocks produced from renewable resources which could be degraded in
the environment.” Biopolymers occupy a very small fraction in the polymer market, however, their
place continues to grow year by year. These are the advantages of biopolymers: (1) they increase
the soil organic content as well as water and nutrient retention, while reducing chemical inputs and
suppressing plant disease, (2) the energy required to synthesize and manufacture most biopolymers
is generally much lower compared to other species, and, (3) they offer environmental benefits by
using renewable energy resources and reducing greenhouse gas emissions.”*Biopolymers can be
differently classified based various scales. Based on their origin, three types can be traditionally
distinguished into natural, synthetic and microbial biopolymers. Also, they can be classified by their
polymeric backbone, so we find polyesters, polysaccharides, polycarbonates, polyamides, and vinyl
polymers. Depending on the type of monomers, we can find three groups: polysaccharides, proteins
and nucleic acids. Another way to classify biopolymers is based on their response to heat so we find


https://www.sciencedirect.com/topics/engineering/renewable-energy-resource

elastomers, thermoplastics and thermosets. Generally, biopolymers offer strong development
opportunities in a large number of technological sectors and they are widely used in everyday life:
packaging, agriculture, medical science, automotive, construction, sports, adhesives, paints and
others.”* Interestingly, they can display some different features in relation with the natural source
where the raw matter, used during the preparation procedure, is extracted.”® Mostly, organic raw
materials are derived from agricultural or marine sources and can be functionalized in order to tune
their main features such as the hydrophilic character, the thermal stability and the solubilization
capability towards other compounds.”’

The biopolymers charge is one of the most important feature that affects their suitability in
numerous applications and it represents a crucial parameter for their classification since they can be
cationic (e.g. chitosan), anionic (e.g. pectin, alginate) or neutral species (e.g. amylose, starch and
cellulose derivatives such as hydroxypropylcellulose).”®® Among the others, chitosan, alginate and
cellulose derivatives are very attractive due to the consequent differences in their interaction

behavior and self-assembly with other building blocks.

1.6 Chitosan

Chitosan, a carbohydrate biopolymer, is a linear hetero-polysaccharide composed of p-glucosamine
and N-acetyl-p-glucosamine connected by B-(1-4) linkage and it can present varying degree of
deacetylation.® It is a cationic polysaccharide obtained from the alkaline deacetylation of the chitin
using sodium hydroxide. After cellulose, chitin is the most profuse natural biopolymer found in the
shells or exoskeletons of crustaceans, such as shrimps, crabs, lobsters, or in molluscs like bivalves,
insects like cockroach, grasshopper, and in cell wall of some fungi.** The presence of the amino (-
NH,) groups, in the glucosamine residues, renders chitosan extremely hydrophilic, capable of
interacting with water and other polar compounds through strong interactions, such as hydrogen
bonding.®? In addition, this process is responsible for allowing the dissolution of chitosan in
acidified aqueous solutions, being chitosan virtually insoluble in neutral and alkaline aqueous
solutions, as well as in nonpolar organic solvents. Being biodegradable, stable, non-toxic and
biocompatible, this biopolymer has unique properties like excipient, but it also exhibits valuable
properties that promote its diversity in biotechnology and biomedical fields like antimicrobial
activity, mucoadhesion, well assessed chemistry, activation of macrophages and
immunostimulation.®® Indeed, chitosan carries a net positive surface charge at slightly acidic pH.
For this special character, it can easily interact with the anionic mucin protein present in the mucus

layer. The mucoadhesive property of chitosan allows intestinal and nasal cellular uptake and



provides an excellent platform for drug delivery. Mucoadhesion of chitosan is accomplished mainly
by electrostatic interaction followed by hydrogen bonding and hydrophobic interaction.®* Besides
medical applications, chitosan can be used in many different domains, such as food packaging,

removal of pollutants, membrane productions, etc.2*%

1.7 Alginate

Alginic acid is a naturally occurring hydrophilic, B-1—4-linked linear polymer built of b-
mannuronic and L-guluronic acid.®” It is found in cell walls of seagrass and brown algae, exerting a
structural function by giving mechanical strength and flexibility. It can be also produced by some
bacterial species: Azotobacter vinelandii, Pseudomonas aeruginosa and Pseudomonas fluorescens.
The chain length and the order of blocks in the macromolecule may be different depending on the
species and the harvest conditions, thus determining the chemical and physical properties of the
alginates.’’ It has been extensively investigated within the polymeric biomaterials in virtue of its
nontoxicity, biocompatibility and convenient source. Due to their negative charge, alginates can
form hydrogels rapidly with multivalent cations, such as Ca?*, Ba®* or Fe** in mild condition via
cross-linking, in which Ca*" is more preferable due to low toxicity and low cost.®® In light of its
gelling ability under mild conditions and its stability, alginate allows the formation of materials,
like hydrogels, microspheres, fibres and microcapsules, commonly used in biomedical applications
such as wound healing, drug delivery, bone regeneration and tissue engineering.?® The fact that
alginate is a biocompatible polymer, it does not present toxicity and it is biodegradable, makes it
ideal for human body direct applications.® Besides, it has also been used in cosmetic, food and
pharmaceutical industries as stabilizer, emulsifier and humectant.®* Also, alginates can be used for

the removal of heavy metals from wastewater.*

1.8 Cellulose Nanofibers

Cellulose is the most abundant renewable biopolymer, which is primarily present in wood biomass.
For the past few decades, cellulose has attracted attention as one of the promising polysaccharides
for accomplishing highly engineered nanoparticles, which can be applied in many areas. It is a
linear chain of ringed glucose molecules and it has a flat ribbon-like conformation.*® The repeated
unit is composed of two anhydroglucose rings, (CsH100s)n; n = 10000 to 15000, where n depends
on the cellulose source, linked together through an oxygen covalently bonded to C1 of one glucose
ring and C4 of the adjoining ring (1-4 linkage) and so called  1-4 glucosidic bond.* The intra-
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chain hydrogen bonding between hydroxyl groups and oxygen atoms of the adjoining ring
molecules stabilizes the linkage resulting in the linear configuration of the cellulose chain (Figure
1.8.1).
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Figure 1.8.1. Schematic representation of cellulose structures from resources to molecular level
(Ref. 92).

During biosynthesis, Van der Waals and intermolecular hydrogen bonds between hydroxyl groups
and oxygen atoms of adjacent molecules promote parallel stacking of multiple cellulose chains
forming elementary fibrils that further aggregate into larger microfibrils (5-50 nm in diameter and
several microns in length). The intra- and inter-chain hydrogen bonding network makes cellulose a
relatively stable polymer, and gives the cellulose fibrils high axial stiffness. Within these cellulose
fibrils there are regions where the cellulose chains are arranged in a highly ordered (crystalline)
structure, and regions that are disordered (amorphous-like).** By applying mechanical, chemical,
physical, or biological methods, cellulosic fibers can be disintegrated into cellulose substructures
with microsized or nanosized dimensions.®® The term “nanocellulose” refers to a family of
nanomaterials achieved by different chemical and mechanical methodologies that provoke a
defibrillation process in raw cellulosic materials (e.g., wood, cotton, etc.).®® They are usually
classified into three main groups: (i) cellulose nanofibrils (CNFs), (ii) cellulose nanocrystals
(CNCs), and (iii) bacterial cellulose (BC).*” The main nanomaterials obtained from those processes
are CNF and cellulose nanocrystals.”® CNF are physically entangled in a wet gel. Once that water is
evaporated, fiber—fiber bonding due to secondary attraction forces, including hydrogen bonds, are
formed between the CNF. Because of their high aspect ratio (CNFs have an average length of

around 1 um and an average diameter of 2—5 nm), chemically modifiable surface, high Young’s
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modulus resulting from high crystallinity and relatively inexpensive production methods,
nanocellulose exhibits a great potential as a sustainable nanomaterial for the fabrication of many
functional structures. *° In recent years, nanocellulose based materials are the focus of every active
research with the aim to develop a wide variety of applications in fields as energy storage and
conversion, water treatment, biomedicine, packaging, fire retardancy, support for metal and metal

oxide nanoparticles in catalysis and electronics. ™

In this context, the concept of “nanopaper”
refers to the use of cellulose nanofibers for making paper employing this nanomaterial instead of
conventional cellulose.’® Such nanopapers show improved mechanical properties, optical
transparency, and a smooth surface together with the possibility of combination with other kind of

nanoparticles, as well as the incorporation of different functional groups on their surface.'%®

1.9 Mater-Bi®

Mater-Bi is a biodegradable material based on plasticized starch that is commercially purchased by
Novamont, an innovation-oriented company generally recognized as a pioneer in in the field of
bioplastics in Italy with a capacity of 60,000 tons per annum.'®* Starch is an inexpensive, abundant,
annually renewable material derived from corn and other crops. The biodegradation of starch
products recycles atmospheric CO, trapped by starch-producing plants. All starches contain
amylose and amylopectin at ratios that vary with the natural source, thus providing a natural
mechanism for regulating the properties of this material.

For industrial applications, starch is preferably used in its thermoplastic form, namely the
Thermoplastic Starch (TPS), rather than in its native form, because the plasticized granules of
native starch allow the formation of a continuous and viscous phase, which can be easily processed
by traditional plastics processing technologies.'® However, the development of TPS-based
materials is still limited due to its fragility, low water resistance and dependence of the thermo-
mechanical properties on the environmental moisture. This is why TPS has also been blended with
other polymers in order to widen its range of applications and to improve its physico-chemical
properties.’® In this context Mater-Bi is one of the most popular commercial TPS, which have been
marketed in accordance with the specifications of its use due to the fact that it is derived from a
natural raw material and it has a low impact on the environment. Mater-Bi products constitute a
wide family of biodegradable materials exhibiting different microstructures, from a droplet-like to a
layered one, probably as a result of hydrophobic and hydrophilic interactions between the natural
and the synthetic components.'”” Under the Mater-Bi trademark, Novamont today produces
different classes of biodegradable materials, all based on starch and varying in synthetic
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components. Although the exact composition of Mater-Bi is not known, the literature provides
some indications.’® Thus, it is possible to find: (i) Mater-Bi® Y, composed of starch and cellulose
acetate blends, whose properties resemble those of polystyrene (PS); (ii) Mater-Bi® A, constituted
by a strong complex between TPS and copolymers of polyvinyl alcohol (PVA); (iii) Mater-Bi® V,
having a TPS content greater than 85% and a high solubility in water ; (iv) Mater-Bi® Z, having a
poly(-caprolactone) (PCL) matrix; and (V) Mater-Bi® N whose polymeric matrix is based on
polybutylene adipate-co-terephthalate (PBAT).!®® Since it is fully biodegradable and compostable
and, as such, it can be disposed of together with organic waste, Mater-bi can be used in various
commercial and industrial contexts: packaging of fresh and dry food as well as non-food products,
carrier and shopping bags, foodservice (e.g. plates, glasses, cutlery, bowls, straws, ice cups, etc.),

agriculture and many others.

1.10 Biocompatible nanomaterials

It is now clear the importance of green and eco-sustainable materials in facing and tackling both
technological and societal challenges. Starting from the most diverse types of raw materials and
building blocks, several laboratories have been developing various strategies to improve the key
properties of the resulting novel platforms by exploiting the proper features of the initial
components and also by taking advantage of new synergistic effects arising after their manipulation.
However, within the field of environmental-friendly nanomaterials, many different architectures
have been proposed. Polymers and biopolymers have been employed for the preparation of films
which have been reinforced and optimized by adding nanoparticles, thus creating the so-called
nanocomposite films. The resulting materials may exhibit markedly improved mechanical, thermal,
optical, gas barrier and physicochemical properties compared to those of the pure polymer or
conventional (microscale) composites.™'® Therefore, the design of bioplastics plays a major role in
replacing the petroleum-derived products in order to promote a green transition. The matrix-filler
compatibility must be addressed during the fabrication of bionanocomposite films, since the
introduction of inorganic fillers such as silica, alumina, or metals may detrimentally impact the
recyclability of biopolymers.** Furthermore, biohybrid materials have been prepared and used in
the form of powdery materials, taking advantage of their nanoscaled dimensions and colloidal
stability, and exploiting the electrostatic, Van der Waals and covalent interactions between the
inorganic species and the organic moieties (e.g. clays and surfactants).'*? Besides, since their
discovery, hydrogels have received attention from the scientific community due to the wide range
of applications they can be used for. In particular, with the evolution of nanotechnology, the
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challenge to design and prepare hydrogels with specific and requested features at the nano-scale led
to the development of nanohydrogels. Among the different polymeric species that can be used to
achieve this aim, polysaccharides cover a marked importance, especially in the preparation of the
so-called “polysaccharide-based natural hydrogels”, for some of their most peculiar properties such
as water solubility and swelling capacity, biocompatibility and biodegradability, self-healing, pH
sensitivity and also due to the adaptability of their networks that is crucial for their use and for the
development of eco-friendly hydrogel beads.***!** Also emulsions, either in the form of water-in-oil
(W/O) or oil-in-water (O/W), play important roles within the domain of green and eco-sustainable
materials for their application in the field of pharmaceutical, food, personal care products, and
petrochemical industries.*™ In particular, conventional emulsions were generally stabilized by
surfactants, which induced several drawbacks including environmental problems and difficulty in
recovery but, recently, the solid particles as alternatives of traditional emulsifiers have drawn much
attention because of their low toxicity, low cost, and remarkable resistance against coalescence,
leading to the formation of the Pickering emulsions.**® These emulsions exhibit many unique
advantages including enhanced stability, improved biocompatibility, and environmental

friendliness.

1.11 Aims and objective of the study

The work of this thesis was addressed to the creation and development of innovative and eco-
friendly functional hybrid materials based on nanoclays, as inorganic solid counterpart, and
polymers or biopolymers as organic moieties. Firstly, an extended physico-chemical study on the
thermodynamics of water confinement within the inner lumen of halloysite nanotubes was
conducted in order to provide valuable insights on the loading mechanism of guest molecules and to
optimize the encapsulation efficiency into HNTs from aqueous solutions (attached paper I). Then, a
study was carried out by focusing the confinement effect of an organic solvent. Being the loading
efficiency as important as the release kinetics for all those applications in which halloysite
nanotubes can be used, the purpose of this study concerned the possibility to target the loading site
of the guest molecules and to control, above all, the releasing profiles from the nanomaterials to the
solution (submitted paper). Hence, we tried to design and develop selectively functionalized HNTs
by using temperature-responsive PNIPAAMs in order to generate smart hybrid nanoparticles. To do
so, Van der Waals and electrostatic interactions between the clay and the macromolecules were
exploited and the effect of the thermodynamic behavior after functionalization and therefore the
temperature responsive features of the resulting hybrid material were investigated (attached paper
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I1). The electrostatic interactions between oppositely charged counterparts (i.e. chitosan and
halloysite) were also exploited with the aim to propose a novel strategy for the preparation of
biohybrids with tunable and controlled release properties by varying the coating efficiency onto
HNTSs surfaces (attached paper 1l1). We also prepared and characterized novel green and eco-
sustainable gel beads based on biopolymers, namely chitosan and alginate, and halloysite. In
particular, the aim of this work was to design hydrogels with a specific layered structure, with a
chitosan/halloysite rich core and an alginate external coating, which could be used as drug carrier
and delivery system (attached paper 1V). Since the addition of nanofillers to a polymeric matrix is a
well-known method to improve the mechanical properties of the resulting nanocomposite materials,
we also prepared novel bioplastics based on Mater-Bi and nanoclays. For this purpose, we firstly
used sepiolite, laponite and halloysite in order to explore the effect of the addition of the nanoclays
on the mechanical behavior of the Mater-Bi based films and to assess which clay improved the most
the overall features of the resulting samples (attached paper V). In light of this, we also studied the
influence of HNTs concentration on both the thermal and mechanical properties of the prepared
bioplastics, with the aim to provide an easy preparation protocol for the design of Mater-
Bi/Halloysite nanocomposite films that could be used for several technological applications
(attached paper VI). At this point, we used the attained knowledge with the aim to design new nano-
engineered materials to be employed in different fields such as health and pharmaceutical sciences,
cosmetics or food storage. Hence, we studied the preparation of a novel functional architecture
composed of a layered tablet made of chitosan and halloysite which was sandwiched between two
alginate layers (attached paper VII). We also designed a new biohybrid material made of halloysite,
sepiolite and cellulose nanofibers that was developed in order to exploit the proper components
features together with other arising synergistic properties (attached paper VIII). Both the two
materials were tested for the controlled and sustained release of bioactive species by assessing their
applicability through the simulation of the human gastro-intestinal path most typical conditions and
by testing the bactericidal and antiseptic activity through in vitro antibacterial assay, with the aim to
open a versatile path for developing other related materials of potential interest in different
technological fields. Finally, we focused on the preparation of Pickering Emulsions based on
halloysite and wax. In particular, we tried to develop a new strategy for the development of
pickering emulsions using water as the unique solvent and we studied the possibility to tune the
particles dimensions as a function of the clay content (paper in preparation). The proposed protocol
was exploited for the treatment of waterlogged archaeological woods, thus opening new

perspectives also for the consolidation of shipwrecks of big dimensions.
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2. Effect of the pressure on the loading mechanism of Halloysite
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2.1 Loading and release optimization: a general overview

The possibility to load the inner volume of halloysite nanotubes is a crucial factor and it represents
an emerging issue because of its implications on the both fundamental sciences and
nanotechnologies, as previously discussed in the introduction chapter.®"*'°. For instance, HNTs
can act as nanocontainers for biologically and chemically active molecules, whose sustained release
from the confined space can extend their action time, thus allowing to exploit these systems for
specific pharmaceutical, medical, food packaging and many other technological purposes.'?
Therefore, the importance to load the inner volume of the nanotubes together with the possibility to
control and to optimize this mechanism are two very crucial aspects.

The confinement effect of a liquid into a very narrow space inside of nanoparticles whose aspect
ratio is very high plays a major role within this issue. Indeed, literature reports that the
encapsulation of molecules inside carbon nanotubes from aqueous media strictly depends on the

17 As far as HNTs are concerned,

particular evaporation process occurring in the confined space.
similar observations were made, proving that by subjecting the drug/clay dispersion to a vacuum
pumping step, where the pressure is lower than the standard atmospheric value, the drug loading
efficiency is greatly enhanced for comparison with encapsulation protocols carried out without any
particular pressure control.®® In light of this, the most used protocol for the HNTs loading is
composed of three steps: (1) mixing of the clay dry powder with a saturated solution of the guest
molecules; (2) sonication and stirring of the HNTs/guest molecules dispersion; (3) vacuum
pumping in/out operations for 1-5 h and then cycling it back to the atmospheric conditions.
Generally, this last operation is repeated for 3 times. However, the specific influence of the vacuum
pumping on the filling mechanism of HNTs lumen was still unclear. The only macroscopic effect
was represented by a slight fizzing of the suspension and, at first, this observation was related to the
air removal from the inner lumen of halloysite improving the filling of the internal empty space.*?
Recently, instead, it has been hypothesized that the lower pressure conditions increase the loading
efficiency because of the water removal from the nanotubes.'”? Hence, in this chapter we
demonstrate the confinement of water within the inner lumen of halloysite and we provide a clear
and unequivocal description of the HNTs filling mechanism from aqueous solutions of guest
molecules, searching a correlation with the optimization of the loading efficiency (attached paper I).
Afterwards, we investigate the confinement effect of an organic solvent, namely ethanol, in order to
understand its influence on the loading mechanism and to exploit the possibility to target the drug
localization in the nanomaterials depending on the loading protocol (submitted paper). Above all,
our aim is to investigate about the possibility to have control both on the filling efficiency and on

the releasing kinetics.
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2.2 Water confinement within HNTs and the role of vacuum conditions

According to the Gibbs-Thomson effect, the curvature of halloysite inner surface increases the
water vapor pressure and, consequently, the evaporation process is faster. Namely, the increase of
the vapor pressure is related to the surface/volume ratio and it is enhanced for water confined within
the HNTSs pores. In general, the dependence of the vapor pressure P(r) of a liquid on the curvature
of the pores is expressed by the Kelvin equation:'?®

P()=P“exp (y/r-p-ks-T) (2.2.1)

where P” is the vapour pressure of the bulk liquid, v is the surface tension, r is the pore radius, p is
the density, kg is the Boltzmann constant and T is the temperature.

With the aim to demonstrate the water confinement inside the cavity of halloysite nanotubes,
Knudsen thermogravimetry (KTG) tests were conducted in isothermal conditions (temperature was
fixed at 30 °C). Herein, by replacing the standard open pan with the Knudsen cell, which possesses
an orifice, it is possible to properly investigate the interactions between water and nanoclays.'?*
KTG measurements were conducted on aqueous dispersions of clay samples, and namely: kaolinite,

pristine HNTs and HNT/NaL, which are nanotubes with hydrophobically modified inner lumen.

HNTs/NaL | pm

Kaolinite

Figure 2.2.1. FESEM images for HNTs, HNTs/NaL and kaolinite.
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KTG measurements allowed us to study the isothermal water evaporation from wet nanoclays by
focusing the evolution of the thermodynamic water activity (a,) during the evaporation according to

the following equation:

(dm/do)/([dm/dDw = (Pindn/ (Pind)w = 2w (2.2.2)

being (dm/dt), and (dm/dt),, the mass loss rates for the nanoclay aqueous dispersion and pure water,
respectively. (Pin))w represents the relative vapor pressure for pure water, while (Pin)n is the vapor
pressure of water contained in the nanoclay dispersion. Therefore, the thermodynamics of water
evaporation from halloysite nanotubes and kaolinite was explored by KTG experiments in order to
investigate the effect of the nanoclay morphology. Based on this analysis, the dependence of the
water evaporation rate on the moisture content (M,,), calculated from the ratio between the masses
of water and dry nanoclay, for HNTs, HNTs/NaL and kaolinite dispersions is reported in Figure
2.2.2.
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Figure 2.2.2. Mass loss rates for the nanoclay aqueous dispersions normalized for pure water
evaporation as a function of the mass ratio between water and dry nanoclay. The experimental data
in the water activity range between 0.05 and 0.95 were fitted according to the GAB model (red solid
line).

In the reported graphs, it is possible to classify the evaporating water in three categories: 1) bulk
water with (dm/dt),/(dm/dt),, = 1; 2) confined water with (dm/dt),/(dm/dt),, > 1; and 3) adsorbed

water with (dm/dt),/(dm/dt),, < 1. It is noteworthy that the interlayer water molecules proper of
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halloysite nanotube can not be detected at these conditions, since they leave the inorganic solid at
ca. 500 °C. The presence of evaporating water in both pure and surfactant modified halloysite is an
indication that its vapor pressure is greater than that of bulk water, due to the confinement of water
molecules within HNTs inner lumen, in agreement with the Gibbs-Thomson effect. Hence, the
confined water can evaporate faster than the bulk water due to its higher vapor pressure and this
aspect represents the main driving force for filling the cavity of HNTSs cavity. It was also observed
that the hydrophobic functionalization of the halloysite lumen did not alter the water confinement,
meaning that the chemical nature of the inner surface does not influence the confinement process.
On the other hand, no confined water is detected for kaolinite nanoclay, since all the evaporating

water possesses (dm/dt),/(dm/dt),, values < 1. This is most likely due to the proper morphology of

kaolinite sheets that do not provide any confinement site for the solvent. These observations are
sketched in Figure 2.2.3.

Kaolinite

v confined water
v adsorbed water
V' bulk water

, surfactant molecule

Figure 2.2.3. Schematic representation of the water interactions with clay nanoparticles.

If we focus on the adsorbed water molecules, with (dm/dt),/(dm/dt),, < 1, other observations can
arise. As shown in Figure 2.2.2, the desorption isotherms were successfully fitted by using the
Guggenheim-Anderson-de Boer (GAB) model,**® which is valid for 0.05 < a,, < 0.95 and, based on
this, the specific surface area (SSA) for water sorption was determined and reported in Table 2.2.1

for each investigated sample.
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Table 2.2.1. Specific surface area of the nanoclays determined by the fitting of water desorption
isotherms.

Nanoclay SSA/m°g*
HNTs %4
HNTs/NaL 519+1.3
Kaolinite 13.4+£0.3

According to the morphological characteristics, kaolinite possesses a smaller SSA compared to
halloysite. Namely, the rolling of kaolinite plates into halloysite nanotubes generates an
enhancement of the surface area because of geometrical considerations. Similarly, HNTs/NaL has a
smaller specific surface area than pure HNTS, due to the surfactant modification of the inner lumen.
Indeed, this difference can not be ascribed to structural or geometrical variations since, even after
the chemical functionalization, the hollow tubular morphology is preserved (as shown in FESEM
images in Figure 2.2.1). Therefore, pristine HNTs possess a hydrophilic lumen that allows for the
water adsorption onto the internal surface whereas water molecules cannot be adsorbed within the
hydrophobically modified cavity of HNTs/NaL. In light of this, HNTs exhibits two hydrophilic
adsorption sites (outer and inner surfaces), while the water sorption is limited to the HNTs/NaL
outer shell. These difference are also enlighten in Figure 2.2.3.

Afterwards, we investigated the effect of pressure conditions on the guest molecules loading within
HNTs lumen. For this purpose, we used different bioactive species, namely: metoprolol tartrate
(MT), salicylic acid (SA) and malonic acid (MA). In particular, the atmospheric pressure was
changed by means of a vacuum jar and the loading procedure was carried out by exposing the
aqueous solution at ambient pressure (P = 1 atm) as well as under forced reduced pressure (P = 0.01

atm). Termogravimetry (TGA) was used to determine the loading efficiency.
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Figure 2.2.4. (&) Thermogravimetric curves for HNTs and HNTs loaded with malonic acid. (b)
Loadings for HNTSs filled with malonic acid, metoprolol tartrate and salicylic acid.

In Figure 2.2.4(a), the thermograms of pristine halloysite and HNTs filled with malonic acid are
reported as an example. It is clear that the presence of organic moieties reduced the residual mass at
high temperature because of their decomposition from 200 to 400 °C. More interestingly, the
residual mass is lower when the loading procedure is conducted under vacuum conditions (0.01
atm) compared to the filling protocol carried out at room pressure (1 atm), highlighting the better
loading efficiency at reduced pressure.

In light of this, we calculated the amount of guest molecules encapsulated inside the nanotubes (as
umol of guest molecule per m? of halloysite surface), by using the rule of mixtures (figure 2.2.4(b)).
Specifically, the amount of guest molecule incorporated within the nanotubes increased by 38, 188
and 369 % for MT, MA and SA, respectively, as a consequence of the pressure reduction,
confirming that the vacuum pumping plays a major role in favoring the filling of HNTSs. Besides,
morphological investigations of loaded HNTs confirmed that a lower pressure increases the filling
of the halloysite lumen. In this regards, Figure 2.2.5 shows FESEM images of HNTs/MA samples

prepared at different pressure conditions.
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Figure 2.2.5. FESEM images for HNTs/MA prepared at P = 0.01 atm (a,b) and 1 atm (c,d).

Clearly, the loading procedure did not change the halloysite peculiar tubular morphology but, more
importantly, halloysite loaded at P = 0.01 atm (Figures 2.2.5(a,b)) evidenced several nanotubes
fully closed with some spherical nanoparticles at the lumen entry as a consequence of the MA
filling. This observation was not made for the loading protocol carried out at P = 1 atm (Figures
2.2.5(c,d)), indicating a lower loading efficiency. Then, the influence of the pressure conditions on
the loading mechanism of halloysite is strictly correlated to the water confinement within HNTs
cavity, proved by Knudsen thermogravimetry, and the thermodynamic evidence of the water
confinement is the starting point for a proper description of the loading mechanism of HNTSs cavity

from aqueous solutions of guest molecules (Figure 2.2.6).
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Water evaporation from the lumen is faster Aqueous solution refills the lumen and guest accumulates

Figure 2.2.6. Schematic representation on the filling process of halloysite nanotubes.

As sketched, the different volatility of confined and bulk water is the key factor for filling the
nanotubes. In particular, the fraction of water confined into the lumen exhibits a larger vapor
pressure compared to that of the bulk water generating a faster evaporation, attributed to the Gibbs-
Thomson effect. During the water evaporation, the active compounds precipitate inside the lumen
and, when the vacuum is broken, a flux of fresh aqueous solution from the bulk phase to the HNTs
cavity is formed, thus increasing the amount of entrapped guest molecules. By repeating the
vacuum pumping operations several times, the loading efficiency is highly enhanced. Hence, the
replacement of the aqueous solution inside the halloysite lumen is facilitated under low-pressure
conditions because the water vapor pressure is approached. As a consequence, the solvent
volatilization rate increases.

In conclusion, this work represents the first thermodynamic demonstration of the water confinement
within the cavity of HNTs and it describes physico-chemical aspects of halloysite filling. The
attained knowledge represents a fundamental step for the development of loading protocols into

confined spaces of tubular nanoparticles.

2.3 Targeting the site for drug loading into HNTs

In this paragraph we study the confinement effect of another solvent, namely the ethanol, and its
influence on the loading mechanism. More importantly, we investigate the possibility to specifically
target the drug site into halloysite nanotubes and, as a consequence, to control the releasing kinetics
of active species from the inner lumen. Indeed, this seems to be the most important aspect
concerning the use of halloysite as controlled and tunable delivery system.

With this in mind, the encapsulation of two different model drugs, salicylic acid and diclofenac,
within the halloysite cavity was performed by ethanol suspensions. Here again, two protocols have
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been carried out for the loading of HNTs at P = 0.01 atm and P = 1 atm, respectively. The same
procedure was repeated using kaolinite instead of halloysite.
To investigate the effect on the filling efficiency, TGA measurement were performed and, using the

rule of the mixtures, the loading amounts were determined (Figure 2.3.1).
12
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Figure 2.3.1. Loading efficacy for nanoclay/drug systems prepared at different pressure conditions.

It is clear that the pressure conditions play a major role in controlling the loading efficiency of
halloysite nanotubes, thus confirming the results discussed in the previous paragraph. In particular,
the reduced pressure enhances the amount of guest molecules encapsulated into HNTs by a factor of
4 and 6 for diclofenac (DF) and salicylic acid (SA), respectively, whilst the dependence on the
external conditions is less crucial for kaolinite (Kao) although the reduced pressure generated an
increase up to a factor 2 in the loading amount of diclofenac.

In order to investigate the morphological features of halloysite and to enlighten any possible
difference in the loading site, Transmission Electron Microscopy (TEM) was carried out. Figure
2.3.2 shows the images for pristine nanotubes and HNTs/DF and HNTs/SA samples prepared at
P=0.01 and P=1 atm, respectively.
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Figure 2.3.2. TEM images for pristine HNTs (A), HNTs/SA (P = 0.01 atm) (B), HNTs/DF (P =
0.01 atm) (C), HNTs/SA (P=1 atm) (D) and HNTs/DF (P=1 atm) (E).

Aimed at a better visualization of the HNTSs cavity, an averaged grey scale profile was plotted along
the perpendicular direction of the main nanotube axis for each case (see insets in TEM images from
Figure 2.3.2), evidencing the empty cavity of ca. 10 nm with wall thickness of 20 nm. It is
noteworthy that the cavity appears full filled when the loading is conducted under reduced pressure
for both DF and SA. However, some additional organic material can be imaged on the outer surface
of the nanotube. For what concerns the preparation carried out by mixing at ambient pressure, a
larger accumulation of the drugs outside the nanotubes is provided and the lumen appears to be
empty. Undoubtedly, these findings are in agreement with the TGA data reporting an increase of the
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drug loading at P=0.01 atm and they clearly highlight the key role of the vacuum in favoring the
halloysite lumen filling. In light of this, the solvent confinement within the cavity and its different
volatility, combined with a larger vapor pressure compared to the bulk phase, deeply affect the drug
localization in halloysite.

Therefore, the possibility to target the drug localization within the nanoclay is a promising result for
attaining tunable release based on different preparation protocols. Drug release experiments were
performed for salicylic acid and diclofenac encapsulated into halloysite and kaolinite under variable

pressure. Release profiles of diclofenac from both the nanoclays are reported in Figure 2.3.3.
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Figure 2.3.3. Diclofenac release as a function of time from halloysite and kaolinite based systems.
Drug loading was performed at P=1 atm (red squares) and P=0.01 atm (black circles).

As observed, the loading protocol has a profound effect on the release profile for halloysite
nanotubes based systems. Indeed, it emerges that the kinetics is lower for the sample obtained with
HNTSs by carrying out the loading procedure at reduced pressure, compared to the corresponding
system obtained at ambient pressure. This result reflects the drug localization driven by the loading
protocol as evidenced by TEM images. It should be noted that the incorporation into the halloysite
lumen generates a sustained release profile due to confinement effect and the diffusion mechanism
inside the lumen: these aspects are less relevant when the drug is mainly outside the nanotubes.
Similar findings arise for both the investigated drugs. Figure 2.3.4 reports the release profiles of

salicylic acid from halloysite and kaolinite.
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Figure 2.3.4. Salicylic acid release as a function of time from halloysite and kaolinite based
systems. Drug loading was performed at P=1 atm (red squares) and P=0.01 atm (black circles).

Then, the release experiments for kaolinite have been also considered to corroborate this
hypothesis. It is very interesting to note that the release is not influenced by the loading protocol.
Indeed, in the case of the diclofenac release from kaolinite, the release profile did not change at all,
despite the different pressure conditions during the experimental phase. The curve, instead, are
completely overlapped. This result is in agreement with the morphological planar structure of
kaolinite that, differently than halloysite, does not possess a cavity to be preferentially filled under
reduced pressure conditions. For a clear quantitative evaluation, the time necessary for the release

of 50 % (ts09) Of the payload is reported in Table 2.3.1 for all the systems.
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Table 2.3.1. Release kinetics data for 50% of the loading amount

t50%/min
HNT
P=0.01 atm P=1 atm
DF 270+30 4,7+0.2
SA 570+60 13543
Kao
P=0.01 atm P=1 atm
DF 160+20 163+12
SA 425+20 330+20

Based on tsqq, Values one can state that the preparation protocol can tune the release time even by on
order of magnitude in the case of halloysite nanotubes whilst its effect is almost negligible for flat

kaolinite clay mineral.
As we discussed for water in the previous paragraph, the influence of the pressure conditions on the

loading is strictly correlated to the solvent confinement and in particular to its faster evaporation
from the confined space compared to the bulk one. To verify this interpretation also for ethanol, the
evaporation rate in the presence of halloysite nanotubes and kaolinite was explored by Knudsen

Thermogravimetry. The results are discussed in terms of relative vapour pressure after the
normalization for the bulk ethanol evaporation (P/P°) as a function of the ethanol/clay mass ratio
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Figure 2.3.5. Relative vapor pressure for ethanol as a function of the ethanol to clay mass ratio for

kaolinite (red broken line) and halloysite (full blue line) system.
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The graph in Figure 2.3.5. evidenced that bulk solvent evaporates like the pure one in high solvent
to clay mass ratios, whilst in the clay rich domain the adsorption phenomenon strongly lowers the
ethanol vapor pressure. Interestingly, for the Reonicay included between 6x10° and 6x107 in the
presence of Halloysite the ethanol evaporation is faster (P/P°>1) than bulk solvent. This peculiarity
is due to the hollow tubular morphology of the halloysite. Contrarily, kaolinite does not show such
an effect. In conclusion, this work represents a fundamental step for the basic understanding of
drug loading mechanism into confined spaces of clay minerals. The loading of halloysite nanotubes
is typically conducted under reduced pressure and this work clarifies the advantage of these
conditions: improved loading efficiency, targeting of the specific drug localization, better control of

the release kinetics.
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3. Aqueous dispersions and targeted modifications

32



3.1 The importance of colloidal stability

The colloidal stability of HNTs is a crucial aspect that has been investigated with the aim of
improving nanoparticles use and applicability in different domains (as discussed in the attached
papers IX and X). Hence, different strategies for the manipulation of the physico-chemical
properties into both aqueous and apolar media are pursued considering the most appropriate
functionalization of halloysite internal or external surface by electrostatic interactions with
differently charged molecules

For instance, the adsorption of anionic surfactants (e.g. sodium alkanoates) occurs onto the inner
surface and it increases the net negative charge of the nanotubes enhancing the electrostatic

repulsions and consequently the dispersion stability.*?

Variations of { potential, which becomes
more negative, predict a better colloidal stability for the modified nanoparticles compared to the
pristine nanotubes due to their lower tendency to aggregate and, thus, the sedimentation is strongly
slowed down.?® Most likely, the enhanced colloidal stability is due to the neutralization of the inner
positive charge, leading to an increase of the net negative charge and particle—particle repulsions.
Amphiphilic molecules are typically used to stabilize nanoparticles dispersions due to their surface
active features. Regarding halloysite nanotubes, the choice of the surfactant in terms of the
headgroup charge is a key factor and it has a profound effect on their colloidal stability. Such a
peculiarity is due to the charge separation in the inner and outer surface of halloysite regardless the
surfactants loading degree onto the nanotubes surfaces. In this case, the sedimentation process is
also slowed down by the surfactants.?® Moreover, the solubilization capacity of these inner
functionalized nanotubes toward hydrophobic compounds has been demonstrated. Accordingly, the
surfactant/HNTs hybrids can be considered as inorganic micelles useful for the solubilization of
pollutants and delivery of compounds from different origin.

According to the DLVO (Derjaguin-Landau-Verwey-Overbeek) theory, colloidal stability depends
on the balance between attractive van der Waals forces and electrostatic repulsions caused by the
double layer surrounding each particle. Therefore, both (-potential and width of the electric double
layer contribute to the total repulsive force. This theory also envisages that a large ionic strength
generates a screening of the electrostatic repulsions because of the reduction of the double layer.?®
Literature also reports another easy strategy to obtain stable colloidal dispersions and it deals with
the preparation of inorganic reverse micelles in non-aqueous media based on halloysite nanotubes
and cationic surfactants.*”” A “reverse micelle” is a well-known structure possessing a hydrophilic
core and a hydrophobic shell that delineates a nanoscale droplet of aqueous phase into a nonpolar

medium. Because of their positive headgroup, the cationic surfactants are selectively adsorbed onto
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the HNTs external surface endowing to the formation of tubular nanoparticles with a hydrophobic
shell and a hydrophilic cavity. Besides, the charge of the modified HNTSs is strongly dependent on
the hydrocarbon length chain of the surfactant. In particular, the { potential of the hybrids increases
with the tails length of the adsorbed surfactant.*?®

Furthermore, also biopolymers can be used for the design of stable nanoparticle colloidal
dispersions. Indeed, the dispersion stability is dependent on particle dimensions, charge (e.g.
positive chitosan, negative pectins or neutral cellulose derivatives), viscosity of the medium, and
interactions between components (HNTs/polymer) and it is controlled by both electrostatic

interactions and steric effects.?®

3.2 Design of targeted functionalizations

A part of the PhD thesis work was aimed to design, prepare and characterize HNTs functionalized
with stimuli-responsive macromolecules to generate smart nanohybrids. Indeed, PNIPAAMSs with
opposite charge were selected because their targeted adsorption is driven by electrostatic
interactions with HNT surfaces, and namely the negatively charged Poly(N-isopropylacrylamide)-
co-methacrylic acid (PNIPAAM-co-MA) and the positively charged amino-terminal PNIPAAM
(PNIPAAM-NH,). The former was selectively adsorbed into the halloysite lumen by exploiting
electrostatic interactions whereas the latter selectively interacts with the outer surface of the
nanotubes due to its charge (attached paper II).

The selective modification of the outer and inner halloysite surfaces was deeply investigated. An
extended physico-chemical study was performed with the aim of studying the effect of the
functionalization on the thermodynamic behavior and therefore temperature responsive features of
the hybrid material. The drug release kinetics was investigated by using diclofenac as a non-
steroidal anti-inflammatory drug model.

Similarly, a novel strategy to prepare hybrid nanostructures with controlled release properties
towards khellin by exploiting the electrostatic interactions between chitosan and halloysite
nanotubes was also developed (attached paper Il1). Herein, the effect of the ionic strength on the

coating efficiency of chitosan onto HNTSs surfaces has been also investigated.

3.3 Thermo-responsive characteristics of PNIPAAM/HNTSs hybrid nanocarriers

The physico-chemical characterization of the PNIPAAM/HNTS aqueous dispersions was carried out
by using different techniques, such as Dynamic light scattering (DLS) and Micro differential

scanning calorimetry (micro-DSC), and also by focusing their colloidal stability, thermodynamics,
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and structural properties. Herein, the effect of the site adsorption on the PNIPAAM/HNT hybrids
thermo-responsive behavior was explored.
The trends of the hydrodynamic radius for both pure polymers and the hybrids are reported in

Figure 3.3.1 as a function of temperature.
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Figure 3.3.1. Hydrodynamic radius as a function of temperature.

Both pure PNIPAAM-NH; and PNIPAAM-co-MA show small Rh values, ca. 3 and 4 nm, below
the LCST (see inset in Figure 3.3.1). The Rh values significantly increased, instead, for temperature
> LCST, reaching 2000 nm and 800 nm for PNIPAAM-NH; and PNIPAAM-co-MA, respectively,
as a consequence of the polymer aggregation, coalescence and phase separation. In particular, the
Rh value of PNIPAAM-co-MA is smaller than that of PNIPAAM-NH, above the LCST and it is
most likely due to the repulsive electrostatic effect caused by large negative charges related to the
methacrylic groups, that hinder any further aggregation. Moreover, no temperature effect is
observed in the PNIPAAM-co-MA/HNTSs hybrids, whose Rh remains actually constant (200-300
nm), thus reflecting the diffusion behavior of pristine halloysite. This effect is probably due to the
negative polymer incorporation into the positively charged lumen of HNTs. Contrarily, the
PNIPAAM-NH,/HNTs nanohybrid shows a strong Rh increase (from 200 to 2000 nm), when the
LCST is reached, due to the collapsing of the polymeric chains and to the aggregation driven by the

hydrophobic interactions between the nanotubes, which bear PNIPAAM-NH, on their external
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surface. In light of these findings, the peculiar effect of the temperature increase on the

nanostructure of the PNIPAAM/HNTS hybrids is sketched in Figure 3.3.2.
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Figure 3.3.2. Schematic representation of PNIPAAM-NH, and PNIPAAM-co-MA interactions
with HNTs surfaces and effect of temperature increase on the nanostructures of the
PNIPAAM/HNT hybrids.

Thereafter, DSC experiments were carried out to study the specific correlation between the
PNIPAAMs adsorption site onto Halloysite and the thermo-responsiveness of the hybrids, being
focused on the hydration/dehydration processes induced by temperature for polymers dispersed in
water. Figure 3.3.3 reports the thermograms for pure PNIPAAMSs and PNIPAAM/HNTSs mixtures.
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Figure 3.3.3. DSC thermograms for pure PNIPAAMs and PNIPAAMSs/ HNTs nanohybrids.
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As a general trend, the endothermic signals can be attributed to the polymers dehydration. The
enthalpy (AH) of the PNIPAAM dehydration is provided by their integration, whereas the peak
temperature corresponds to the LCST value. These data are collected in Table 3.3.1, where AH is
expressed as kJ per mole of PNIPAAM by considering the stoichiometric polymer amount in

solution.

Table 3.3.1.. Enthalpy of PNIPAAM dehydration and LCST provided by micro-DSC.

LCST/°C AH / kJ mol™
PNIPAAM-NH, 34.4 95.8
PNIPAAM-NHy/HNTS 34.6 70.2
PNIPAAM-co-MA 34.4 145.8
PNIPAAM-co-MA/HNTSs 34.4 30.9

According to the reported data, the LCST did not change as a consequence of the nanoclay addition
either for PNIPAAM-NH, or for PNIPAAM-co-MA. Contrarily, the polymer adsorption onto the
HNTSs surfaces induced a reduction of AH thus highlighting some variations in the thermodynamics
of the hydration/dehydration process. Therefore, lateral interactions between the polymeric chains
play a major role since they probably provide a partial dehydration of the PNIPAAMs when they
adsorb onto halloysite surface, yet below the LCST. Besides, the PNIPAAM-co-MA undergoes a
larger AH reduction after the interaction with HNTSs in the hybrid compared to the PNIPAAM-NH,,
in agreement with the different adsorption site. Being encapsulated inside the nanotubes lumen,
after its interaction with their inner surface, both curvature and confining effect must be considered
in the dehydration mechanism of PNIPAAM-co-MA since lateral interactions between the polymer
molecules are promoted. On the other side, PNIPAAM-NH, is adsorbed onto the external surfaces
and the lateral interactions between the organic moieties are generated at a smaller extent.

Once the physico-chemical characterization was completed, the applicability of the functionalized
halloysite nanotubes was estimated by investigating their employ as carriers for diclofenac. Hence,
HNTs were firstly loaded with the drug and then the release kinetics was studied at variable
temperatures in order to evaluate the efficiency of the hybrids as thermo-responsive nanocarriers.
To this purpose, UV-vis spectrophotometry analysis was performed at 25 °C and 50 °C, below and
above the LCST value, to assess the temperature effect. The release profiles (Figure 3.3.4) were

fitted according to the Korsmeyer—Peppas equation:**
R%(t) = kt " (3.3.1)
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where R%(t) is the percentage of diclofenac released at time t, k is the kinetics constant and n is the
release exponent, which depends on the release mechanism as well as on the specific geometry of
the matrix.
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Figure 3.3.4. (right) Release profiles of diclofenac from hybrid systems at 25 °C (blue) and 50 °C
(red). (left) Kinetics constants of release from PNIPAAM-co-MA/HNT and PNIPAAM-NH,/HNT.

Release experiments allowed to determine that the diclofenac loadings are 4.7 and 5.3 mg g* for
PNIPAAM-co-MA/HNTs and PNIPAAM-NH,/HNTS, respectively. As long as the release kinetics
are concerned, it was found that they are effectively influenced by the specific adsorption site of the
polymers.

If the values of k at the two different temperature conditions are considered, it is clear that the
diclofenac release from the PNIPAAM-co-MA/HNTSs hybrid is strongly slowed down by the
temperature increase, in agreement with the confinement of the polymer within the halloysite
cavity. Namely, the hydrated PNIPAAM-co-MA at 25 °C allows for a fast release of the drug from
the lumen, whereas after it transition to the completely dehydrated and collapsed state at 50 °C , the
drug release is slowed down by the shrinking thus determining a reduction of k. Instead, this effect
is not observed for the PNIPAAM-NH,/HNTSs hybrid as a consequence of the selective adsorption
of the polymer on the halloysite outer surface. Based on these results, it is possible to conclude that

the PNIPAAMSs/HNTS nanocarriers are smart stimuli-responsive systems whose release is strongly
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dependent on their specific nanoarchitecture and it can be controlled by varying the temperature

conditions.

3.4 Chitosan coating on HNTSs for the controlled release of khellin

In order to prepare new hybrid nanostructures based on halloysite nanotubes coated with chitosan,
the electrostatic interactions between the two components have been exploited. Firstly, HNTs were
loaded with the bioactive molecule to be used for the drug delivery applications, namely khellin.
Then, the coating procedure was carried out both in water and in NaCl aqueous solution, in order to
explore the effect of the ionic strength on the chitosan coating efficiency. The physico-chemical
characterization of the prepared materials was conducted, among other techniques, by { potential

and contact angle (6;) measurements. Table 3.4.1 reports the values for the analyzed samples.

Table 3.4.1.  potential and contact angle values.

Material ¢ potential (mV) 0i (°)
HNTs -20.0+0.6 305+1.1
HNTs/khellin -21.5+0.3 309+1.2
Chitosan/HNTs/khellin (NaCl) +23.5+0.8 80+3
Chitosan/HNTs/khellin -185+04 75+2

As shown, the khellin loading into halloysite nanotubes did not significantly affect the { potential of
the clay. This finding is in agreement with the hydrophobic character of khellin, which is
encapsulated within the HNTs cavity as a consequence of the solvent confinement. Also, the
confinement of the bioactive molecule was confirmed by water contact angle experiments, which
evidenced that the 0i values for HNTs and HNTs/khellin tablets did not change. These results
indicate that the khellin loading did not alter the hydrophilic character of halloysite outer surface
demonstrating that the hydrophobic drug is mostly confined into its lumen. As concerns the
chitosan/HNTs/khellin hybrid nanostructures, the { potential values are strongly affected by the
presence of NaCl during the nanotubes coating step with the biopolymer. In particular, an inversion
from negative to positive was detected. Hence, it is possible to assert that some electrostatic
attractions between cationic chitosan and the HNTs outer surface take place. On the other side, the
coating procedure in water generated a slight decrease of the HNTs surface charge, thus
highlighting that the chitosan coating efficiency is remarkably improved in aqueous medium with

higher ionic strength. Besides, the chitosan coating generated the hydrophobization of the HNTs
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outer surface as evidenced by the significant enhancements of the contact angle values (both in
water and NaCl solution). In light of these observations, both a contribution from the electrostatic
interactions and from the mobility of the polymeric chains exist. Lvov et al. evidenced that the
addition of electrolytes is used in the layer by layer technique because of the “rod-to-coil” transition
of polyelectrolytes in solution.’** Additionally, it is reported that the increase of the ionic strength
enhances the chitosan flexibility.'*

By using thermogravimetric analysis and applying the rule of mixtures, the loading of khellin into
halloysite nanotubes was determined to be 1.03 + 0.02 wt%. Similarly, the chitosan coating
efficiencies were also calculated and it was estimated that the biopolymer amount in the
chitosan/HNT/khellin nanohybrid prepared in water is 2.38 + 0.03 wt% whereas it increased up to
31.4 £ 0.3 wt% by dispersing chitosan in NaCl aqueous. As aforementioned, these results could be
related to the effect of the electrolytes on the chitosan chains flexibility.

At this point, the possibility to use the chitosan/HNTs hybrid as nanocarrier for khellin was
highlighted by the release experiments conducted at variable pH simulating the typical conditions
along the human gastro-intestinal path, which moves from acidic (stomach) to basic (colon)
conditions. Figure 3.4.1 shows the khellin release profiles under neutral conditions (pH=7) from
HNTs and chitosan coated HNTSs.
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Figure 3.4.1. Khellin release as a function of time in water under neutral conditions (pH = 7). Solid
lines represent the fitting according to the Korsmeyer—Peppas model (equation 3.3.1).
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Overall, the adsorption of chitosan onto the HNTs outer surface slowed down the khellin release.
For instance, the amount of khellin released after 6 hours was 78 % for uncoated nanotubes. This
percentage was reduced in the chitosan/HNT nanocarriers (62 and 28% for the composites prepared
in water and NaCl solution, respectively). These results are consistent with the previous data, which
evidenced that the higher ionic strength improved the coating efficiency, with a delaying effect on
the drug exit from the inner lumen. The khellin release profiles were analyzed using the
Korsmeyer—Peppas model, which allowed to confirm that the retarding effect is stronger for the
coated nanotubes obtained in NaCl aqueous solution.

Furthermore, the influence of pH was also explored at two different conditions for the

chitosan/HNTs hybrid nanocarriers (Figure 3.4.2).
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Figure 3.4.2. Khellin release as a function of time in water under acidic (pH = 4) and basic (pH = 9)
conditions. Solid lines represent the fitting according to the Korsmeyer—Peppas model (equation
3.3.1).

Herein, it was found that the chitosan retarding effect was reduced under acidic conditions with
respect to those obtained at pH = 9. These results can be attributed to the enhanced chitosan
solubility in water at pH < 4."3 We observed that the chitosan coated nanotubes in NaCl solution
are more effective in controlling the khellin release compared to those coated without NaCl. This

observation is valid at pH = 7 as well under acidic/basic conditions. These results could be related
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to the larger amount of biopolymer onto the nanoclays as a consequence of the influence of the
electrolyte on the flexibility of the polymeric chains. Specifically, the increase of the solvent ionic
strength makes chitosan more flexible in agreement with the reduction of the repulsive interactions
between the polymeric chains, as previously discussed. We can hypothesize that chitosan coating
layer onto HNTSs is thicker in NaCl solution and, consequently, the controlling efficiency on the
khellin release is more effective. Based on these considerations, we can conclude that the
preparation of these new biohybrid nanostructures represents a suitable strategy to obtain drug

delivery systems with tunable properties.
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4. Biohybrid Gel beads
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4.1 Design of gel beads based on biopolymers and HNTs

Hydrogels are defined by the existence of a three-dimensional network, formed by the cross-link of
polymeric chains, that possesses the capability to swell thanks to the presence of hydrophilic groups

and to maintain a very high amount of water in its structure.**

While working at this thesis, we
decided to use natural polymers and nanoclays with the aim to develop novel eco-friendly smart gel
beads (attached paper V). Therefore, hydrogel beads based on chitosan with uniformly dispersed
halloysite nanotubes were obtained by a dropping method and alginate was used to generate an
external coating layer by diffusion and immersion of the beads in a sodium alginate solution (Figure
4.1.1). The physico-chemical characterization and the study of the applicability of such systems as

drug carrier are reported in the following paragraphs.

Figure 4.1.1. Representation of the designed bio-hybrid gel beads.

4.2 Physico-chemical characterization of Chitosan/HNTs/Alginate gel beads

The chitosan/HNTSs gel beads covered with a calcium alginate layer are showed in Figure 4.2.1. The
optical image enlightens they have an average diameter of 3.5 mm that shrinked to 0.8 mm after
drying. The morphology was studied by scanning electron microscopy in order to investigate the

clay nanotubes distribution into the polymeric matrix.
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Figure 4.2.1. (a) Optical image of wet alginate/chitosan/halloysite nanotubes (HNTSs) gel beads and
(b) SEM image of the inner part of the dried gel beads.

It is observed that HNTs are homogenously distributed and randomly oriented within the polymeric
matrix. This finding can be explained by the affinity between chitosan and halloysite, that are
oppositely charged, and also by the colloidal stability of the nanoclay in the polymer solution.
Moreover, the halloysite cavity did not interact with the positive chitosan since the inner surface of
the nanotubes is positively charged as well. In light of this, the HNTs lumen was preserved for drug
loading and further release of active molecules.

Therefore, since neither optical images nor SEM micrographs were able to identify the alginate
location in the beads, it was labeled with 5-(4,6-dichlorotriazinyl) aminofluorescein (DTAF), a
fluorescent probe that shows fluorescent emission when excited at 490 nm, and Laser Scanning
Confocal Microscopy was used (Figure 4.2.2).

Figure 4.2.2. Laser scanning confocal microscopy images of alginate/chitosan/HNTs gel beads with
DTAF labeled alginate.

At first, a blank experiment resulted in negligible fluorescence on the chitosan/halloysite gel beads.
Once the most external layer of calcium alginate is formed, instead, the laser scanning confocal
microscopy images on the full components beads clearly showed a fluorescent layer with an
average thickness of =~ 130 um. This is due to the diffusion of alginate into the chitosan/halloysite
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inner part only to a certain extent whilst the core of the beads was completely alginate free. In light
of this, it can be concluded that the preparation protocol allowed to develop a controlled and
complex architecture in the mesoscopic scale. It might be suitable for the fabrication of functional

carriers in advanced health applications.

4.3 Application of the alginate/chitosan/HNTSs gel beads for controlled drug release

Doxycycline, an antibiotic of the tetracycline class, was used as the model drug and it was loaded
into the halloysite cavity by using the IN/OUT vacuum pumping procedure to optimize the
encapsulation efficiency as previously discussed. Thermogravimetric experiments allowed to
determine that the drug loading was 4.2 wt %. Then, UV-VIS analysis was carried out to provide
the release profiles of doxycycline from halloysite nanotubes, chitosan/HNTs dried beads and

alginate/chitosan/HNTSs dried beads in water (Figure 4.3.1).
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Figure 4.3.1. (a) Doxycycline chlorohydrate release as a function of time for different carriers. (b)
Representation of the different release systems.

It can be observed that no much difference exists between the drug loaded pristine nanotubes and
the chitosan/HNTSs gel beads, thus meaning that halloysite incorporation within the chitosan matrix
did not have any profound effect on the drug release and the particular morphology did not prevent
the doxycycline from being completely available in the solvent media after 20 min. More
interestingly, the presence of alginate in the alginate/chitosan/HNTs system significantly affected
the release kinetics. For instance, only 50% of the drug was released into the solvent medium after
20 min whereas a full release occurs in more than 80 min. Hence, the presence of an alginate
coating significantly slowed down the doxycycline release from the hybrid beads. This is most
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likely due to the drug exit from the inner lumen of halloysite, its diffusion through the chitosan
matrix and, then, the interaction with the outer alginate layer. The latter, in combination with the
oppositely charged chitosan could create a highly viscous shell thus provoking a further delay,
acting as a barrier, for the drug diffusion from the beads to the solvent. Thus, this work represents a
promising step for the development of hybrid hydrogels with oppositely charged biopolymers and

inorganic nanoclay with specific architecture and morphology for controlled drug release.
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5. Bioplastics based on Halloysite
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5.1 Design of plasticized bionanocomposites

The addition of inorganic fillers to a biopolymeric matrix represents an efficient strategy to
fabricate composite materials with improved performance, which are suitable for numerous
technological applications. In this chapter we focus on the preparation of new bioplastics based on
halloysite nanotubes. Firstly, we investigated the possibility to use different clays as nanofillers for
Mater-Bi, which is a commercial bioplastic extensively used within food packaging applications.
Sepiolite nanofibers, laponite nanodisks and halloysite nanotubes were selected for this purpose and
the preparation of Mater-Bi/nanoclay nanocomposite films was easily achieved by using the solvent
casting method from dichloroethane (attached paper V).

Hence, the bioplastics were characterized by dynamic mechanical analysis (DMA) in order to
explore the effect of the addition of the nanoclays on the mechanical behavior of the Mater-Bi-
based films thus providing the tensile properties as well as the thermo-mechanical properties of the
prepared films.

Since the results showed that halloysite is the most promising in inducing significant improvement
of the mechanical performances of Mater-Bi, we also investigated the influence of HNTs content on
both the mechanical and thermal features of the bionanocomposites in order to determine an
effective protocol for the development of Mater-Bi/Halloysite hybrid films with proper

characteristics for packaging purposes (attached paper VI).

5.2 Physico-chemical investigation of Mater-Bi/Nanoclays composite films

The preparation method used for the design of Mater-Bi/clays nanocomposites is the solvent casting
procedure from dichloroetane, by maintaining the nanoclay content at 30 wt %.

Stress vs strain curves for both pure Mater-Bi and Mater-Bi/nanoclays bioplastics are reported in
Figure 5.2.1.
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Figure 5.2.1. Stress—strain curves for pure Mater-Bi and Mater-Bi/nanoclays bioplastics. The
nanoclay content was fixed at 30 wt %.

The analysis of the stress—strain profiles allowed to completely describe the mechanical features of

the prepared bionanocomposites by deriving the data collected in Table 5.2.1.

Table 5.2.1. Tensile properties of Mater-Bi and Mater-Bi/nanoclay films.

Elastic Stress at Elongation at  Stress at Elongation at
Film Modulus Yielding Yielding Breaking Breaking
/ MPa Point/MPa Point/% Point/MPa Point/%
Mater-Bi 32+3 3.81£05 154+1.8 50£0.6 57+6
MaterBi/HNTS 109 + 8 28104 46%0.5 3.8+£05 12+2
MaterBi/Sepiolite 79+7 34+04 6.3+0.6 53%0.6 63+6
MaterBi/Laponite 38+4 1.98+0.19 7.1+0.6 26+0.4 20£2

It is observed that the addition of nanoclays affects the tensile properties of the polymer in the
hybrid systems. In particular, the elastic modulus exhibits a relevant increase after the inorganic
particles incorporation with a maximum for the halloysite based film, thus meaning that the
nanotubular morphology is the most suitable to generate an improvement in the film rigidity, being
the Young modulus variations 240% and 146% for halloysite and sepiolite, respectively, and
negligible for laponite nanodisks. As far as the yielding point is concerned, instead, the nanoclays
addition to the polymeric matrix reduced both the stress and the elongation. Furthermore, the stress

at breaking point and the maximum elongation decreased in the Mater-Bi/HNTs and Mater-
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Bi/laponite nanocomposites, contrarily to the Mater-Bi/sepiolite system where the clay did not alter
these properties. This is most likely due to the peculiar morphology and structure of each nanoclay.
For instance, the nanotubes and nanodisks do not allow the polymeric chains to slide against each
other after their interactions with the inorganic surfaces whereas it is possible when they interact
with long and microfibrous particles.

Moreover, the mechanical performance were also studied as a function of the temperature of the
bionanocomposites by using the DMA in the oscillatory regime and by heating the films from 40 to
100 °C at a heating rate of 5 °C min™’. In particular, it was possible to determine the thermal effect
on the viscoelastic properties, which are described by the storage and the loss moduli, G’ and G”
respectively. The G”/G’ ratio, that is reported as tand, is shown in Figure 5.2.2 for both the pure
Mater-Bi and Mater-Bi/sepiolite.
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Figure 5.2.2. Dependence of tand on the temperature of Mater-Bi and Mater-Bi/sepiolite.

As observed, the curve of Mater-Bi exhibits a peak at ca. 85 °C that represents the glass transition
of the polymer. The same peak is likewise shown for the nanocomposite film based on sepiolite
and, similarly to it, on halloysite and laponite as well. In light of these findings, we can assess that
the addition of inorganic nanoparticles did not alter the transition temperature of the materials,

despite their different morphology.

51



5.3 Effect of HNTs on the thermo-mechanical performances

Once we observed that HNTs are the most promising nanoclays for the preparation of Mater-Bi
based bioplastics, we focused on the influence of their content on both the mechanical and thermal
features of the nanocomposites, which could be employed as effective alternatives to the petroleum
derived products. To do so, the same solvent casting method was used to prepare the materials at
variable halloysite content (from 0 to 30 wt%) and the mechanical behaviour and the thermal
properties were investigated. Figure 5.3.1 reports the stress vs. strain curves for both the Mater-Bi
and Mater-Bi/HNTS films.
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Figure 5.3.1. Stress vs. strain curves for pure Mater-Bi and Mater-Bi/Halloysite films as a function
of the nanoclay content.
It is clear that all the samples, whatever the HNTs content is, show an initial elastic behavior and
then they convert into plastic material. Indeed, the stress increases linearly with the strain and, once
the yelding point is reached, every deformation becomes irreversible.
Thereafter, the elongation at break and the stored energy were also investigated and they are

reported in Figure 5.3.2.
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Figure 5.3.2. Elongation at break (right) and stored energy up to breaking (left) for Mater-
Bi/Halloysite composite films as a function of the nanoclay content. The relative error is 2%.

It is clearly observed that the concentration of nanoclays influences the strain at break of Mater-Bi
based films. For instance, the ultimate elongation percentage increases from 30% for the pure
Mater-Bi film reaching 100%, its highest value, for the Mater-Bi/HNTs 10 wt% nanocomposite.
Then, the deformation at breaking shows a constant decrease for any further addition of nanotubes
down to ca. 10% for the composite material with the largest HNTs content (30 wt%). Similar
findings are also reported in literature and they are most likely due to the interactions existing
between the clay nanoparticles and the organic matrix, which avoid the sliding of the polymeric
chains, as already observed in the previous study. *°

Similar effects were also observed for the stored energy at breaking (Figure 5.3.2). Specifically, the
pure Mater-Bi film shows a stored energy of 1718 kJ m~ and it is significantly enhanced up to 7300
kJ m2 in the Mater-Bi/HNTs 10% nanocomposite, whereas the Mater-Bi/HNTs 30 wt% exhibited a
much lower stored energy (254 ki m™).

Besides, we also carried out thermogravimetric analysis in order to investigate the thermal
properties, i.e. stability and degradation, of the Mater-Bi/HNTSs bioplastics. Figure 5.3.3 reports
thermograms and differential curves for both the pure polymer and the Mater-Bi/HNTs 10%

samples.
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Figure 5.3.3. Thermogravimetric (up) and differential thermogravimetric (bottom) curves for
Mater-Bi and Mater-Bi/HNTs 10 wt% samples. The inset shows the thermogravimetric curves
within the temperature range between 200 and 340 °C.

First of all, it can be observed that the mass residue at 700 °C is higher for the Mater-Bi/HNTs 10%
nanocomposite, compared to the pure polymeric film. This is due to the presence of inorganic
particles which do not completely degrade at this conditions. Obviously, this observation has a

specific trend if all the different halloysite contents employed during the preparation procedure are
considered (Table 5.3.1)

Table 5.3.1. Thermogravimetric parameters for Mater Bi and Mater-Bi/Halloysite nanocomposites.

Material ML1s0® / Wt% MR700° / Wt%
Mater Bi 1.98 6.19
Mater-Bi/Hal 1 wt% 2.21 6.97
Mater-Bi/Hal 5 wt% 1.92 9.04
Mater-Bi/Hal 10 wt% 2.22 12.17
Mater-Bi/Hal 15 wt% 1.49 16.99
Mater-Bi/Hal 20 wt% 1.73 21.44
Mater-Bi/Hal 30 wt% 1.86 30.27

aMass loss between 25 and 150 °C; "Residual mass at 700 °C.
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These results evidenced that the samples with higher nanotubes contents possess larger residual
masses at 700 °C. Moreover, the mass loss at 150 °C can be attributed to the moisture content of the
bioplastics. Both the Mater-Bi and Mater-Bi/HNTs 10 wt% thermograms exhibited two different
degradation steps in the 300-400 °C range as highlighted by the differential thermogravimetric
curves showing two correspondent peaks (Figure 5.3.3.). Hence, with the aim to investigate these
aspects we derived the onset temperatures for each curve, which is obtained by the intersection of a
line tangent to the baseline the with a line tangent to the inflection point of the thermogravimetric
curve. In particular, the onset temperature describes the initial degradation of the sample and it is
referred to the temperature where the Mater-Bi starts to decompose. Figure 5.3.4 reports the onset

temperatures for all the prepared samples.

310 T T T T T T
L]
308 s 2
L]
. 306 -
et
P &
£ sm| Y
@
=
g s
[
302 | -
L ]
300 | -
[ ]
:98 1 1 1 1 1 1
0 3 10 13 20 25 30 33
Hal content / wt%

Figure 5.3.4. Onset temperature values for pure Mater-Bi and Mater-Bi/Halloysite composite films
as a function of the nanoclay content. The relative error is 2%.

As far as it is concerned, trends similar to those observed for the mechanical properties are also
reported for the onset temperature. In particular, the maximum is measured for the Mater-Bi/HNTs
10% with an increase of 4 °C and, then, the values show a decrease for any further nanoclay
addition.

In light of this, it is possible to conclude that small amounts of halloysite induced a slight thermal
stabilization effect whereas larger filler contents (> 10 wt%) induced a worsening of the polymer
thermal stability. This effect is probably related to the morphological features of the

nanocomposites and to their specific composition. Indeed, Scanning Electron Microscopy showed
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that the clay nanoparticles are randomly and homogeneously distributed within the polymeric
matrix of Mater-Bi for halloysite contents < 10 wt% (Figure 5.3.5) thus enhancing the thermal
stability as a consequence of the barrier effect towards the volatile products of the polymer

degradation, as reported in literature.

Figure 5.3.5. Scanning Electron Microscopy images of the Mater-Bi/Halloysite nanocomposites at
variable composition. The scale bar is 10 um.

On the contrary, the decrease of the onset temperature for halloysite contents > 10 wt% can be
related to the separation between the polymeric phase and the nanotubes, which are not
homogeneously distributed. Therefore, HNTs form aggregates and they can not effectively play a
role as a barrier towards the volatile products of degradation, thus decreasing the thermal stability.
For instance, Figure 5.3.5 shows that the Mater-Bi/HNTs 30 wt% nanocomposite has a rough
surface with several holes and clusters indicating that the nanotubes are not homogeneously
dispersed in the polymeric matrix.

Thus, the preparation of Mater-Bi/halloysite 10 wt% allowed the achievement of the strongest
enhancements in both the thermal stability and in the tensile properties, with a worsening for any
further addition of nanoclays. The attained knowledge represents the starting step and a very
promising point for the development of green and eco-compatible films for packaging and in
numerous industrial and technological applications that could replace the traditional petroleum

plastics.
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6. Functional nano-engineered biohybrids for health applications
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6.1 Design of new nanoarchitectured materials

Following the preparation of plasticized bionanocomposites that can be used for industrial
applications, as discussed in the previous chapter, this part of the work was dedicated to the design
of novel hybrid materials to be employed in different domains such as biomedical and
pharmaceutical sciences, cosmetics or food storage. Hence, we report the preparation of a new
functional nanoarchitecture resulting in a layered tablet with a chitosan/halloysite nanocomposite
film sandwiched between two alginate layers (attached paper VII). Besides, we also discuss the
design of a biohybrid material that was prepared by co-assembling the three following components
in aqueous dispersions: nanotubular halloysite, microfibrous sepiolite, and cellulose nanofibers,
with the aim to exploit the most profitable features of each component (attached paper VIII).

In both cases, the prepared functional hybrids were used for the controlled and sustained release of
bioactive species by simulating the most typical conditions of the human gastro-intestinal path or
testing the bactericidal and antiseptic activity through in vitro antibacterial assay. The results
demonstrated that the proposed organic—inorganic nanoarchitectures are suitable as functional
materials with tunable delivery capacity, opening a versatile path for developing other related

materials of potential interest in different technological fields.

6.2 Layered composite based on HNTs and natural polymers: physico-chemical studies

Firstly, we report the design of a new material with a peculiar architecture. For instance, it is
constituted by a chitosan/halloysite (CHI/HNTSs) nanocomposite film, prepared by solvent casting
method, covered on both (top and bottom) sides with alginate (ALG) layers in order to generate a
compact tablet (Figure 6.2.1)

NN

Figure 6.2.1. Schematic representation of the biohybrid tablet.

The amount of alginate was systematically changed to prepare tablets with variable thickness, thus

allowing the control and regulation of active species release kinetics. Indeed, Table 6.2.1 lists the
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prepared layered tablets with variable alginate/chitosan-HNTs mass ratios (Raigrim) also providing
the corresponding thicknesses, measured using a micrometer, of both the inner film and the whole
sandwiched tablet. Nevertheless, in this paragraph we will focus on the physico-chemical
characterization, since the assembly of the raw components and the final structure of the hybrid
tablet have been highlighted by investigating the morphological and wettability properties. Figure
6.2.2 shows the optical photographs of the tablet by observing also the details of the cross sections
of all the prepared samples.

Table 6.2.1. Composition and thicknesses of the layered hybrid tablets.

Raigrim (Wt%)  CHI-HNTS thickness (um) Tablet thickness (mm)

20 58+1 1.114 + 0.001
25 44+ 1 1.423 + 0.001
30 601 1.710 £ 0.001

e 0o P
I 20 um I

Figure 6.2.2. Cross section optical photographs of (a) Raigrim = 20, (b) Raigrim = 25, (¢) Raigriim =
30 and (d) pure alginate prepared tablets; () SEM image of the CHI-HNTs nanocomposite film
with drug loaded nanotubes; (f) optical photograph of the tablet with Ragriim = 20.
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As shown in Figure 6.2.2(a-c) the ALG/CHI-HNTSs/ALG hybrid materials possess a very peculiar
architecture. For instance, they have a sandwich-like structure and the inner CHI-HNTs film is
always visible in the cross section images. The two alginate outer layers of each tablet have a
homogeneous aspect and morphology and, obviously, their dimensions depend on the amount of
polymer used for the preparation. Indeed, an increase in the alginate/nanocomposite ratios ( the
Raigrim parameters reported in Table 6.2.1 determined an enhancement of the tablet thickness.

Figure 6.2.2(d) shows the pure alginate tablet for comparison, whereas Figure 6.2.2(e) is a SEM
image of the CHI-HNTSs film with drug loaded nanotubes showing their homogeneous and random
dispersion within the chitosan matrix, a crucial property for the drug delivery purposes. Therefore,
we carried out contact angle measurements in water to investigate the wettability of the biohybrid
tablets. Figure 6.2.3 reports the 6 values as a function of time for the sample with Rajgrim = 30, as

an example.

W ater contact angle / °
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Figure 6.2.3. Contact angle values as a function of time for Raigrim = 30 tablet. The inset displays
the image of the water droplet just after surface deposition. The solid red line represents the fitting
based on equation (6.2.1).

Contact angle values over time were fitted by the following equation:*’

0 = O*exp(-kg*t") (6.2.1)
where 6; represents the initial value, and ky and n are characteristic coefficients related to the
process rate and mechanism. In particular, n ranges between 0 and 1 depending on the absorption
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and spreading contributions to the kinetics, being 0 for the former and 1 for the latter, respectively.

The value of 6;, kg and n resulting from fitting the curves are reported in Table 6.2.2.

Table 6.2.2. Parameters of wettability obtained by fitting the contact angle vs. time curves for
tablets with variable composition.

Sample 0i (°) Ko N

Alginate 59 0.0366 0.31
Raig/Fim = 20 64 0.1242 0.16
Raigrim = 25 58 0.0242 051
Raigrriim = 30 53 0.0115 0.57

Errors: 1% for 6; and kg, 3% for n.

It is clear that all the prepared biohybrid materials are hydrophilic, since the 6; values are always
lower than 90. Moreover, the wettability degree is not noticeably altered by the sandwich-like
structure and by the thickness variation of the prepared hybrid tablets, if compared to the pure
alginate sample. The contact angle values measured for all samples are always lower than that of
the chitosan/HNTs nanocomposite film, which was experimentally measured to be 79 °C. As
concerns kg, the hybrid tablets showed lower values compared to that of pristine alginate.
Accordingly, we can state that the kinetics of the contact angle evolution was slowed down by the
peculiar sandwich like structure of the hybrid tablets. For what concerns n, instead, it is 0.31 for the
pure alginate tablet, indicating a major role of the spreading contribution. Then, the n values ranged
from 0.16 for the Raigriim = 20 tablet, to 0.51 for the Raigriim = 25 sample, then reaching 0.57 for the
Raigrim = 30 tablet, thus depending on both spreading and adsorption mechanisms. More
interestingly, we observed that the increase of the alginate amount in the hybrid systems determined
an enhancement of the absorption contribution. In light of these findings, we studied the possibility
to use the prepared materials for biomedical applications. These aspects will be highlighted in

paragraph 6.4.
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6.3 Self-assembly of HNTs, Sepiolite and CNF: physico-chemical studies

Here, it is reported the development of an alternative strategy for the preparation of a new type of
multicomponent hybrid nanopaper constituted be the co-assembling in water of cellulose nanofibers
(CNF) sepiolite (SEP) and halloysite nanotubes (HNTs). The aim of this choice is to exploit the
most peculiar features of each starting building block in order to overcome their individual
limitations and to prepare homogeneous and flexible nanopapers with good mechanical properties,
which can be used for biomedical and pharmaceutical applications as well. Most importantly, the
main focus of this work is the design of a material with different chemical surfaces. To achieve this
purpose, the ratio (w/w) of HNT, SEP, and CNF was fixed at 1 : 1 : 1 and the films were prepared
by using the solvent casting method followed by drying in a controlled atmosphere to obtain
reproducible hybrid nanopapers. The schematic representation of the procedure to prepare the

material is shown in Figure 6.3.1.

Homogenization

.

HNT-SEP-CNF
hybrid nanopaper

Figure 6.3.1 Scheme of the procedure followed for the integration the three components leading to
HNT-SEP-CNF hybrid nanopapers.

The physico-chemical characterization was carried out by means of different techniques, such as:
Scanning Electron Microscopy and Atomic Force Spectroscopy to observe the pure components and
the hybrid nanopapers morphological organization, X-ray diffraction to investigate the
microstructure and any possible preferential orientation/order, FTIR to elucidate the interactions
between components, Dynamo-Mechanic Analysis to evaluate the mechanical performances of the

prepared samples.
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Therefore, we investigated the morphology and the microscopic features of the three starting
building blocks. Figure 6.3.2(a) shows the peculiar hollow nanotubular shape of pristine HNTs with
ca. 50-200 nm external diameter and 100-3000 nm length. Also, some kaolinite particles are
contained in the samples, in their typical hexagonal sheets structure (arrows in figure). The
morphology of sepiolite microfibers with a length of 0.5-2 um and a thickness of ca. 30-50 nm is
examined in Figure 6.3.2(b). For what concerns the CNFs, instead, the characteristic fibrous
morphology consisting of 2—4 nm thick fibers whose length is in the 300-600 nm range is reported
in Figure 6.3.2(c). Here, the semi-flexibility of the fibers is revealed by the kinks between the

crystalline domains (arrows in figure).

“400nm
Eaums

Figure 6.3.2. SEM micrographs of (a) pristine HNTs (white arrows represent the hexagonal kaolin
sheets), (b) pristine sepiolite and (c) the AFM image of CNF (white arrows represent the fiber
kinks).

The HNT-SEP-CNF hybrid nanopaper was examined from both the surface and the cross section,
as reported in the FE-SEM images. In particular, it is possible to observe the three components,

even though HNTs are more clearly recognized due to their unique shape whereas SEP and CNF are

63



not easily distinguished since they are both composed of microfibers (see Figure 6.3.3(a)). It is
noteworthy that both nanotubes and fibers shows a preferential orientation on the surface of the film
which is also visible within the film fracture. Indeed, if the cross sections is focused, it resembles
the layered stratified structured typically observed in materials resulting from solvent casting
procedures (Figure 6.3.3(b)).**® This is most likely due to the density of carboxylate groups along
the CNF fiber length that leads to a certain degree of lateral alignment. Since the groups density
varies between the crystalline and disordered regions of the fibers, which possess also flexibility,
the formation of hydrogen bonds is allowed not only with the —OH groups on the side facets of

other CNFs but, more importantly, also with the Si—-OH groups at the edges of sepiolite.

(a)

Figure 6.3.3. SEM micrographs of (a) the surface and (b) the cross section of the HNT-SEP-CNF
hybrid nanopaper. The scale bars refer to 2 um.

Thereafter, we tried to understand the role of each component by investigating the nanopaper
formation. To do it, we used the raw materials in pairs (at a 1 : 1 w/w ratio) or all together during
the preparation procedure. For instance, the sample containing only halloysite and sepiolite was not
a film but a powdery material (Figure 6.3.4(b)), the hybrid with CNF and HNTSs rendered a self
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supported film with many defects (Figure 6.3.4(c)) and, on the other hand, the combination of SEP
and CNF ratio produced homogeneous films (Figure 6.3.4(d)). In light of these observations, CNF
probably plays a major role in providing consistency and mechanical integration to the samples thus
deeply affecting the macroscopic aspect, while the sepiolite improves the dispersions of the
components. However, only the multicomponent HNT-SEP-CNF hybrid nanopaper gave better

results considering the macroscopic aspect, film consistency and homogeneity (Figure 6.3.4(a))

Figure 6.3.4. Macroscopic aspect of various hybrid films prepared by combining HNTs, SEP and
CNF at different compositions: (a) 1 : 1 : 1 HNT-SEP—CNF nanopaper, (b) 1: 1 HNT-SEP, (c) 1 :1
HNT-CNF, and (d) 1 : 1 SEP-CNF.

In order to study any preferential orientation of the components within the nanopapers and to
corroborate the possible intercalation inside the inter-layer volume of halloysite nanotubes, X-ray
diffraction (XRD) was employed (Figure 6.3.5).

It was found that the (001) reflection of halloysite at 12.0° 26 is not displaced in the HNT-SEP—
CNF hybrid nanopaper, confirming that that no intercalation occurred during the film formation.
Moreover, while the most typical reflections of halloysite and sepiolite are present, the low intensity
reflections of the CNF are absent in the multicomponent nanopaper, and it can be attributed to the
relatively low crystallinity of the cellulose nanofibers. More interestingly, the intensity ratio of the
7.4° 260 and 13.4° 20 reflections in the patterns of neat sepiolite and of the HNT-SEP-CNF hybrid
film decreased from 15.9 to 2.4.

It is well-known that a change in the relative intensity of peaks in a XRD is strictly related to the

particular orientation of the crystals. In this case, the interactions between CNF and sepiolite can
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lead to preferential orientations of the fibers and to this significant variation in the ratio of the (110)
and (003) reflections intensity, thus suggesting that the sepiolite has a preferred orientation within

the hybrid nanopaper, well accommodated within the plane of the film.
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Figure 6.3.5. X-ray diffractograms of pure (a) halloysite, (b) sepiolite, (c) cellulose nanofibers and
(d) HNT-SEP-CNF hybrid nanopaper.

Then, stress vs. strain measurements were carried out to evaluate the mechanical properties of the
HNT-SEP-CNF hybrid nanopapers (Figure 6.3.6). The incorporation of sepiolite is responsible for
a decrease in the Young’s modulus of the CNF nanopaper from 3.8 GPa to 1.8 GPa but the presence
of halloysite nanotubes into the SEP-CNF films significantly enhanced the elastic modulus up to
3.2 GPa, thus improving the rigidity and the overall mechanical performance. This finding confirm
the obsarvations we made in the previous chapters about the role that HNTs play in the variation of
the tensile properties. More specifically, the good mechanical features open the possibility to use

the prepared hybrid material in technological applications.
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Figure 6.3.6. Stress vs. strain curves measured for CNF, SEP-CNF and HNT-SEP-CNF hybrid
nanopapers.

6.4 Applications for health and drug delivery purposes

After the preparation of both the biohybrid ALG/CHI-HNTSs/ALG tablets and the HNTs-SEP-CNF
nanopapers and their physico-chemical characterizations, which allowed a full and deep
comprehension of the most important aspects and advantages in using these new platforms
(morphological features, mechanical properties, chemistry of the different surfaces, wettability), we
tried to investigate about the possibility to employ these materials for health applications.

Therefore, with the aim to exploit the prepared tablets as smart carriers, we loaded halloysite with a
model drug, namely the diclofenac.

Preliminarily, we determined the amount of diclofenac encapsulated within the halloysite lumen via
thermal analysis by comparing the thermograms of neat HNTs, the pure drug and the loaded
nanotubes, reported in Figure 6.4.1. According to the rule of mixtures, the drug loading was
determined to be = 10 wt% before the incorporation of the nanotubes within chitosan film and, then,

as inner layer of the tablets.
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Figure 6.4.1. Thermograms of HNTSs, pure diclofenac and drug loaded HNTSs.

Thereafter, we studied the release form the pristine HNTs, the CHIT-HNTSs hybrid nanocomposite
and from the biohybrid tablets by using the UV-VIS spectrophotometry.

Release profiles at pH=7.8 for drug loaded HNTs and CHIT-HNTs nanocomposite films are shown
in Figure 6.4.2.
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Figure 6.4.2. Release profiles for HNT-Diclo powder and CHI-HNT-Diclo nanocomposite films
as a function of time.

It is clear that the incorporation of halloysite nanotubes within the polymeric matrix slows down the
release kinetics. For instance, 45% of diclofenac is detected in the medium after 5 minutes for drug
loaded HNTSs and then a plateau is reached after 45 minutes with 70% as maximum release. On the
other side, only 9% of the drug is released by the chitosan based nanocomposite film after 5 minutes
and just 52% after 5 hours. This is most likely due to the barrier effect of the polymeric matrix,
which can delay the drug release from the halloysite cavity.

The release kinetics for the biohybrid tablets with variable thickness are reported in Figure 6.4.3. In

is noteworthy that we also investigate the dissolution process of the alginate from the material.
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Figure 6.4.3. Release profiles for the three prepared tablets as a function of time.

As a general result, we observed that the presence of the external alginate layers slows down the
drug release kinetics. In particular, the tablets with Raigrim = 20 released 3% and 40% of the drug
after 5 minutes and 2 hours, respectively. At this point, the diclofenac solubilization was interrupted
as the alginate dissolution started and it resumed after ca. 5 hours, once the biopolymeric
dissolution was completed. On the other side, the tablet with RAIg/Film = 25 showed and induction
time of ca. 5 hours where no diclofenac was released. In this timeframe, the external layers of
alginate started their dissolution reaching a constant value (45%) after 5 hours and, at this point, the
drug release registered a burst up to 50 and 70% after 10 and 24 hours, respectively. Similarly, the
hybrid with RAlg/Film = 30 showed a longer induction time (ca. 7 hours) where actually no drug

was released. After, once the alginate concentration was found to be constant (57 % released), the
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diclofenac was delivered reaching 42% in 24 hours and 47% in 30 hours. This finding enlighten that
the alginate outer layers have an important effect on the release kinetics. This is most likely due to
the water absorption causing the polymer swelling and the formation of a gel phase, thus delaying
the drug delivery until the biopolymer dissolution is achieved. More interestingly, the kinetics of
this mechanism is also influenced by the different thickness of the prepared materials, with a
general increase of the induction time, from O to 7 hours, as a function of the biopolymeric amount
and a decrease of the total delivery efficiency: 80, 65 and 45% after 30 hours for tablets with
Raigrim = 20, 25 and 30, respectively.

In addition, a simulation of the typical conditions of the human gastro-intestinal path was carried
out at variable pH (3, 5.7, and 7.8 that correspond to stomach, duodenum/ileum and colon,
respectively) and at 37 °C using the hybrid tablet with Ragrim = 25. The release profile is shown in
Figure 6.4.4.

Drug Release / %
s
I

0 10 20 30 40 50
Time / h

Figure 6.4.4. Release profile for the Raigriim = 25 tablet measured by simulating the human body
gastrointestinal path’s most typical pH conditions, as a function of time.

Firstly, the biohybrid tablet was put in a strongly acidic solution with pH=3 and only a negligible
amount of diclofenac was release (< 1%). Thereafter, we put the material in mild conditions,
namely pH = 5.7 for 1.5 hours, and only 5% of the drug release was registered. Finally, the tablet
was kept in condition simulating the colon (pH = 7.8) and, suddenly, an exponential trend was
observed. Herein, the released jumped to 12% after 4 hours (total timeframe) then reaching 75%
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after 50 hours. According to these results, the alkaline conditions promote the diclofenac release
and one can state that the sandwich like structure of the hybrid tablet is efficient in controlling the
drug release with a dependence on both the material structural features and the pH conditions of the

physiological aqueous medium.

Besides, owing to their hierarchical porosity and the diverse surface characteristics of the HNTs-
SEP-CNF nanopapers, these hybrids can be also used in diverse biomedical applications. To prove
this point, we loaded halloysite nanotubes with model drugs: ibuprofen (IBU) and salicylic acid
(SA). The former is a hydrophobic, non-steroidal, anti-inflammatory drug (NSAID) that is
administered for the relief of moderate pain and inflammation and the latter was tested for its
bactericidal and antiseptic properties, and is used in a wide range of pharmaceutical formulations
and as an additive for food and cosmetics.

The loading efficiency into HNTs was estimated to be 8.4 wt% for SA and 5.1 wt% for IBU,
respectively. Moreover, N, adsorption/desorption isotherms were collected in order to verify the
encapsulation of the drugs in the HNT lumen. After the loading procedures were carried out, a
noticeable reduction in the BET surface area, pore surface area, and pore volume was observed for

the drug loaded halloysite compared to the pristine HNTs (Table 6.4.1)

Table 6.4.1. The BET surface area, pore surface area, Smes, and pore volume, Vs, of pristine
HNTSs and drug loaded HNTS.

SgeT (m2 g_l) Srmes (m2 g_l) Vimes (Cm3 g_l)

HNTs 27.3 23.2 0.062
HNT + SA 20.2 17.8 0.054
HNT + IBU 24.6 21.9 0.057

For instance, the BET surface area dropped from 27.3 to 20.2 m? g%, the mesopore area from 23.2
to 17.8 m? g * and the mesopore volume was reduced from 0.062 to 0.054 cm® g *. These effects
can be due to the entrapment of the drug inside the halloysite inner volume, thus causing a partial
blockage at the entry of the pores. It is interesting to note that the variation of these parameters is
greater for the salicylic acid than the ibuprofen loading, perhaps reflecting the higher SA uptake.
Figure 6.4.5 reports the release profile from HNTs and the HNTs—SEP-CNF hybrid nanopapers.
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Figure 6.4.5. Release profiles of salicylic acid (SA) and ibuprofen (IBU) from the loaded HNTSs
and loaded HNT-SEP-CNF hybrid nanopaper.

Therefore, more than 90% of salicylic acid was released from HNTs after 60 min while less than
80% was released from the HNT-SEP—CNF hybrid nanopaper. Similarly, 100% of ibuprofen leaves
the halloysite lumen after 1 hour but less than 60% is detected in water after the nanotubes
incorporation in the multicomponent matrix. Hence, the Kinetics is faster for IBU compared to SA
when the drugs are released by the untreated clay but it is slower if the releasing material is the
HNT-SEP-CNF film. These findings could be explained by taking into account the water solubility
of each drug (100 mg mL™ for IBU and 50 mg mL™* for SA). Moreover, the release rate of the
drugs is always lower for the HNT-SEP-CNF hybrid nanopapers, compared to the neat HNTS, due
to the multicomponent nature of the material and the co-assembly of different building blocks. The
particular diffusion mechanism of the drugs inside the nanotubes lumen and through the
nanocomposite matrix plays an important role. Once the drugs leave halloysite lumen, they find the
fibrous matrix of sepiolite and CNFs and some interactions can arise. For instance, strong
interactions exist between IBU and nanocellulose which could explain the slower IBU release from

hybrid nanopaper compared to the SA.***

Also, the nanotubes gates could be partially obstructed by
the particular texture of the film and its morphological organization at a micro- and nanoscopic
level.

Finally, in vitro antibacterial assays from salicylic acid loaded HNT-SEP—CNF hybrid nanopapers
were conducted in order to evaluate the applicability of this new type of material for topical
applications. With this aim, we employed Gram-negative E. coli and Gram-positive S. aureus
bacteria under neutral and acidic (pH = 5.5) conditions by means of the disk diffusion method. It

was found that the SA loaded in HNT and then incorporated into the HNT-SEP-CNF nanopaper
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expresses very good antimicrobial activity when it is used against S. aureus at pH = 5.5. The result
of the trials is shown in Figure 6.4.6, with the formation of a clear inhibition zone whose average
diameter is ca. 16 mm and in the same order of magnitude of other salicylic acid loaded pectin-HNT
bionanocomposites,**° thus confirming the activity of the drug loaded HNT-SEP-CNF hybrid
nanopapers and their potential use in controlled and smart delivery applications.

Figure 6.4.6. Inhibition zone of the salicylic acid loaded HNT-SEP-CNF hybrid nanopaper against
Gram-positive S. aureus at pH = 5.5.
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7. Pickering Emulsions based on Halloysite and wax for the
consolidation of archeological wood
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7.1 Pickering emulsions as green and ecofriendly materials

It is well-known that an emulsion is a multiphase system composed of two immiscible liquids
where one of them is dispersed into the other in the form of droplets. Being thermodynamically
unstable due to the high surface energy of the liquid/liquid interface, emulsions are usually
stabilized by surfactants or amphiphilic species that decrease the oil/water interfacial tension thus
avoiding coalescence and agglomeration.** The interface of a multiphasic system can also be
stabilized by colloidal particles, thus leading to the preparation of the so-called Pickering emulsion,
as reported by the pioneering studies of Ramsden and Pickering.**° In particular, the mechanism of
stabilization is referred to a kinetic barrier that avoids the coalescence and agglomeration due to
steric hindrance and volume exclusion.'*? Recently, several biopolymers have been employed for
the design of Pickering emulsions, and namely polysaccharides, proteins, lipids, cellulose micro-
and nano-fibrils or nanocrystals.**® Hence, Pickering emulsions meet the current demand for green
and ecofriendly materials using particles derived from renewable and eco-sustainable sources.

In this chapter, we propose a new protocol for the preparation of halloysite based Pickering
emulsion using wax as the inner phase of the oil-in-water droplets. The physico-chemical
characterization was carried out by optical microscopy coupled with Scanning Electron Microscopy
and by Differential Scanning Calorimetry in order to assess whether the thermal properties of the
wax are affected after its interaction with HNTSs. Finally, the pickering emulsions were employed

for the treatment of waterlogged archeological woods (paper in preparation).

76



7.2 Wax/HNTs Pickering emulsions: preparation and characterization

At the beginning of this work, the microscopic characterization of both the starting building blocks

was carried out, as reported in Figure 7.2.1.

Figure 7.2.1. SEM images of pristine Halloysite Nanotubes and paraffin-in-water system. The scale

bars are 20 um for figures (a) and (b) and 1 pum for the inset in figure (a), respectively.

It is noteworthy that the nanotubes appear to have some particular orientations on the plane of the
stage after drying the pristine clay aqueous suspension and many distinct domains can be
recognized in Figure 7.2.1(a). Moreover, in absence of halloysite, the paraffin creates a continuous
matrix where only a few spherical particles can be observed (Figure 7.2.1(b)), thus confirming the
major role played by the clay in the formation of the pickering emulsions by preventing
agglomeration/coalescence and oil phase separation.

Therefore, halloysite nanotubes were added to the wax at different concentrations, and namely:
0.05, 0.1, 0.25, 0.5, 0.75 and 1% wi/w. Figure 7.2.2 reports the optical images of the wax/HNTs

emulsions.
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Figure 7.2.2. Optical images of wax/HNTs Pickering emulsions as a function of halloysite
concentration. Scale bars are 50 um.

The presence of the spherical pickering emulsions is clear. It is noteworthy that the dimensions of
the prepared systems seem to decrease as the halloysite concentration increases. To investigate this
aspect, SEM analysis were carried out with the aim to reach a higher quality morphological and
structural characterization of the pickering emulsion at a nanoscopic level (Figure 7.2.3).

HNTS 0.75% w/w

Figure 7.2.3. SEM images of Wax/HNTs pickering emulsions with an increasing concentration of
Halloysite. The scale bars represent 60 pm.

78



As shown, the development and design of this new preparation protocol allowed the preparation of
a quantitative amount of paraffin/halloysite pickering emulsions by keeping constant the
concentration of wax and increasing the amount of added HNTs from 0.01 to 0.75 % wi/w. Since
some roughness at a certain extent can be observed at the outer surface of each spherical-shaped

pickering emulsion, SEM images at a higher magnification are reported in Figure 7.2.4 for each

sample, in order to better visualize this aspect and to have more precise insights.

HNTs 0.75"/ w/w
Figure 7.2.4. Higher magnification SEM images of Wax/HNTs pickering emulsions with an

increasing concentration of Halloysite. The scale bars are 20 um for the images and 3 um for the
insets.
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Herein, halloysite nanotubes can be observed in their peculiar hollow tubular shape at the external
surface of the pickering emulsions. Interestingly, the coverage degree strictly depends on the
amount of HNTs added during the preparation procedure, the coverage being higher the higher is
the concentration of nanoclays. This is most likely due to the particular temperature responsive
behaviour of paraffin that, after melting and while cooling down, catches the nanotubes in the
surrounding proximity. In light of this, the quantity of halloysite stabilizing the systems is a
function of its overall concentration. Moreover, a concentration effect of HNTSs is also registered on
the general dimensions of the different wax/clay systems. The result of a statistical study on the

lower magnification images is shown in Figure 7.2.5.
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Figure 7.2.5. Average diameter as a function of halloysite content for wax/HNTs pickering
emulsions. Bars refer to the standard deviation of the diameter distribution.

It is clear that the dimensions of the pickering emulsions decreased as the nanotubes content
increased, reaching a maximum of ca. 35 um for the wax/HNTs 0.05% w/w sample and then falling
to ca. 20 pum for the wax/HNTs 0.5% wi/w system.

Besides, we also report the statistical data for both the wax/HNTs 0.05% w/w and the wax/HNTSs

0.5% w/w samples after completely analyzing all the particles in each micrograph (Figure 7.2.6).
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Figure 7.2.6. Dimensions of the pickering emulsions for the Wax/HNTs 0.05 and 0.5 % w/w .

It can be observed that the curve of wax/HNTs 0.05% w/w shows a peak at higher values compared
to the wax/HNTs 0.5% wi/w system. For the former, 25% of particles present an average diameter of
15 um, 20% of them possess a size of 20 um, another 20% have 25 pm as dimension and ca. 10%
showing up to 30 um in diameter and then decreasing to 5% of particles with 40 um as average
size. On the other side, the wax/HNTs 0.5% w/w sample shows a narrow distribution with ca. 90%
of particles possessing an average diameter in the 5-20 pum range, having the half of this population
10 um in size. This findings confirm that the concentration of halloysite deeply affects the
dimensions of the resulting pickering emulsions, which decrease as the clay content increases, thus

playing a major role in the final aspect and size distribution of such systems.

7.3 Wax/HNTSs Pickering emulsions: thermal properties

The effect of halloysite on the cristallinity of the paraffin was investigating by micro-Differential
Scanning Calorimetry. u-DSC thermograms of pure wax, wax/HNTs 0.05% w/w and of wax/HNTs
0.5% w/w pickering emulsions are reported in Figure 7.3.1. It should be noted that ACp values were
normalized to the wax weight fraction by considering the experimental composition of the

investigated materials.
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Figure 7.3.1. DSC thermograms for pure wax, wax/HNTs 0.05% w/w and wax/HNTs 0.5% w/w
pickering emulsions.

As a general result, we observed an endothermic signal that can be attributed to the melting of wax.
In particular, pure paraffin has two peaks related to two different phase change and due to the
existence of a metastable intermediate solid phase. During melting, the first phase change peak
occurs at 32.5 °C, corresponding to the solid-metastable solid phase transition of the pure paraffin.
The second peak occurs at 47.5 °C, corresponding to the metastable solid-liquid phase change.** It
should be noted that these transition temperatures are not altered by the addition of halloysite in the
wax/HNTs pickering emulsions. Furthermore, the peaks integration provides the enthalpy (AH,) of
the paraffin melting process, which is expressed as Joule per gram of wax by taking into account its
stoichiometric amount in the different systems. It is clear, by the observation of the curves, that the
nanoclay entrapment onto the outer surface of wax induced a reduction of ACp and AHp,
highlighting a modification of the thermodynamics of the melting phase transitions. In particular,
the values of enthalpy calculated by integration of the peaks of the DSC complete thermograms, are
measured to be 336.6 J g™* for the pure wax, 208.8 J g™ for the wax/HNTs 0.05% w/w and 274.6 J
g* for the wax/HNTs 0.5% w/w pickering emulsions systems. The decrease of AH,, after the
addition of halloysite is due to the presence the nanotubes, which partially destroy the cristallinity
of paraffin, as observed for both beeswax and mineral wax.*®

With the aim to have more precise insights into the thermodynamics of the melting process, the
deconvolution of the DSC curves was carried out in order to differentiate the two distinct

contributions, and namely the “solid-metastable solid” and the “metastable solid-liquid” phase
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transitions. Figure 7.3.2 reports the result of data manipulation for the wax/HNTs 0.05% wi/w

pickering emulsions, as an example.
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Figure 7.3.2. DSC thermogram deconvolution for the wax/HNTs 0.05% w/w pickering emulsions.
The black line represents the experimental data, the blue and green lines represent the two curves
for each peak and the red line represents the sum of these two contributions which better fits the

experimental data. Residues are reported in the bottom figure.

By integrating the two separate curves (the blue and the green lines in figure) it is possible to
estimate the enthalpies for the solid-metastable solid (AHs.v) and for the metastable solid-liquid
(AHMm-L) transitions, respectively. Table 7.3.1 reports the ratio between AHy.. and AHs.y for the

three investigated samples.
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Table 7.3.1. Ratios between the areas of the curves representing the solid-metastable solid (AHs-m)
and the metastable solid-liquid (AHm.) transitions in the DSC thermograms, derived from
deconvolution and nonlinear fitting.

Sample RAHy.L/ AHs.y
pure Wax 241
Wax/HNTs 0.05% w/w 2.52
Wax/HNTs 0.5% w/w 2.63

It is noteworthy that the RAH,./ AHsy Vvalues increase with the concentration of halloysite
nanotubes, thus meaning that the contribution of the metastable solid-liquid transition is greater than
the solid-metastable solid phase change. This is most likely due to the effect of HNTs, which
promote the transition occurring at lower temperature by making easier the shift from the solid to
the metastable solid phases. In other words, the paraffin wax is already in its metastable

intermediate solid state because of the presence of halloysite external shell.

7.4 Treatment of archaeological woods by Wax/HNTs Pickering emulsions

Wax/HNTs Pickering emulsions were investigated as consolidants for waterlogged archaeological
woods using the immersion procedure. One of the most important features of the proposed
consolidation protocol is its eco-friendliness. Indeed, this method can be considered totally
environmentally safe being that water was used as solvent for the wood impregnation. Moreover, it
overcomes some limitations regarding the possibility to be scaled up and employed for samples
with big dimensions. The consolidation efficiency was tested by performing Dynamic Mechanical
experiments (DMA). In particular, the mechanical properties of the treated samples were evaluated
from the stress vs. strains curves (Figure 7.4.1) to estimate Young’s modulus, stress at breaking and
elongation at breaking, which are summarized in Table 7.4.1. It should be noted that the untreated

wood sample was not tested because of its high fragility.
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Figure 7.4.1. Stress vs strain curves for archeological wood consolidated with pure wax, wax/HNTSs
0.05% w/w and wax/HNTs 0.5% w/w pickering emulsions.

Table 7.4.1. Young’s modulus, stress at breaking and elongation at breaking for treated
waterlogged archeological woods for all the tested consolidant materials.

Elastic Stress at Elongation at
Modulus Breaking Breaking
/| MPa Point/MPa Point/%
pure Wax 214 4.0 1.9
Wax/HNTs 0.05% wi/w 282 3.9 1.4
Wax/HNTs 0.5% w/w 549 51 0.9

The relative error is 2%

Herein, it was observed a strong enhancement of the elastic modulus of the treated wooden samples
after consolidation with the wax/HNTs pickering emulsions, reaching a maximum when the
concentration of nanoclay is 0.5% w/w. These findings can be related to the increase of the
consolidation efficiency and, more interestingly, to the filling of wooden pores and channels.
Therefore the stiffness of the archeological wood was strongly improved. Accordingly, the stress at
the breaking point showed similar trends as well, with a strong increment when the wax/HNTs
0.5% wi/w pickering emulsions are employed as consolidants, thus confirming the improvement in
the rigidity of the waterlogged wood samples. Contrarily to it, the elongation at breaking point
showed a relevant reduction, with a loss of ca. 50% of the elongation capability for the wax/HNTSs
0.5% w/w pickering emulsions. This can be attributed to the filling of the empty space with wax
and halloysite. Furthermore, all the three investigated parameters show a more reliable variation in
the case of Wax/HNTs 0.5% w/w. Due to the smaller dimensions of the pickering emulsions in this
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system, as evidenced by SEM images and statistical analysis, the consolidants can access the
wooden structure and, there, perform their role as functional biohybrid materials more easily. Figure
7.4.2 shows, by optical photograph, that the consolidated wood sample exhibited robustness and
mechanical resistance from the macroscopic point of view after its treatment. Moreover, the aspect
of specimen was not altered upon drying and its volume reduction was lower than 5%. Contrarily,

the untreated sample is very fragile and it breaks very easily.

Figure 7.4.2. Optical photos of the waterlogged archeological wood before (up) and after (down)
consolidation with Wax/HNTs 0.5% wi/w pickering emulsions. A mass object of 0.960 kg is placed
on the top of the samples. The scale bar is 1 cm.

In conclusions, this study is encouraging for designing a green protocol for the durable preservation
of waterlogged archaeological woods by using biocompatible and eco-sustainable pickering
emulsions based on paraffin wax and halloysite nanotubes, and by using water as the unique solvent
in the whole method. Several interesting perspectives emerge, which can lead to the possibility to
treat shipwrecks of big dimensions.
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8. Concluding remarks
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Halloysite is a natural occurring material possessing some interesting features which make this
nanoclay very promising for a wide range of applications. For instance, halloysite nanotubes
(HNTs) can be effectively used as nanofillers for the reinforce of polymeric matrix, as
nanocontainers for the loading and smart delivery of active species after the encapsulation within
their inner lumen and, also, as solid stabilizers for pickering emulsions.

The thesis allowed to provide new significant insights on the design and development of smart
nanostructured eco-friendly materials. In particular, the first thermodynamic demonstration of the
water confinement within the cavity of halloysite nanotubes was proposed and it represents the
starting point for a proper description of the loading mechanism of HNTs from aqueous solutions of
guest molecules. Due to the Gibbs-Thomson effect, the confined solvent exhibits a vapor pressure
larger than the bulk water and, as a consequence, a faster evaporation rate. By using the vacuum
pumping, the vapor pressure of the solvent is approached and the confined liquid evaporates so the
guest molecules precipitate inside the cavity. Afterwards, the confinement effect of ethanol was also
investigated with particular focus on targeting the drug site into the lumen of halloysite. The drug
release kinetics was tuned by the loading conditions and by the site of drug accumulation. These
findings are fundamental contributions for the development of optimized loading protocols into
narrow and confined spaces in order to target the drug localization within the nanoclay and,
consequently, to control the releasing kinetics of active species from the inner lumen. Thereafter,
we also worked on the selective functionalization of halloysite surfaces by exploiting electrostatic
interactions between the clay and different polymers. In particular, we used two temperature
responsive PNIPAAMs in order to create smart nanohybrids. Due to their charges, the negatively
charged Poly(N-isopropylacrylamide)-co-methacrylic acid was selectively adsorbed into the
halloysite lumen whereas the positively charged amino-terminal PNIPAAM was selectively
interacting with the outer surface of the nanotubes. The precise adsorption site, together with the
macromolecular transition from a hydrophilic (or swelled) to a hydrophobic (or shrunken) structure
typical of the PNIPAAMs, allowed to generate thermo-sensitive nanocarriers. Definitely, the
PNIPAAMSs/HNTSs hybrids are smart stimuli-responsive systems whose release can be controlled by
varying the temperature conditions. The electrostatic interactions between two components have
also been exploited for the design of hybrid nanostructures with controlled release properties
towards khellin. For this purpose, halloysite nanotubes external surface was coated with chitosan. It
was observed that the chitosan coating efficiency is remarkably improved in aqueous medium with
higher ionic strength and that this procedure generates the hydrophobization of HNTs surface.
Release kinetics of khellin from uncoated and coated nanotubes evidenced that the higher ionic
strength improved the coating efficiency, with a delaying effect on the drug exit from the inner

88



lumen. We can hypothesize that chitosan coating layer onto HNTSs is thicker in NaCl solution and,
consequently, the controlling efficiency on the khellin release is more effective. We also prepared
hydrogel beads based on chitosan with uniformly dispersed halloysite nanotubes and coated with an
external layer of alginate. These systems were investigated for application in controlled drug release
by using doxycycline, an antibiotic of the tetracycline class, as the model drug. The details of the
release profiles highlighted that the halloysite incorporation within the chitosan matrix did not have
any profound effect on the release rate but, contrarily to it, the presence of alginate in the
alginate/chitosan/HNTSs system significantly affected the kinetics by slowing down the drug release
from the hybrid beads, thus acting as a highly viscous external barrier. Furthermore, in order to
prepare bioplastic with improved mechanical properties, we used Mater-Bi and different nanoclays,
namely sepiolite, laponite and halloysite. The analysis of the tensile properties of the
nanocomposite films showed that halloysite is the most promising nanoclay in inducing the most
significant improvement of the mechanical performances under traction force. Then, the effect of
HNTSs content was also investigated, showing that the physico-chemical performances of Mater-Bi
were improved by the presence of small amounts of nanotubes, which evidenced a homogenous
distribution within the polymer matrix. A part of this work was also focused on the design of
functional biohybrid nano-engineered materials for health applications. For this purpose, we
prepared a tablet-like material by using a composite film made of chitosan with drug loaded
embedded halloysite, being the nanocomposite then sandwiched between two alginate layers. In
particular, it was found that the presence of the external alginate layers slows down the drug release
kinetics and this mechanism is also influenced by the different thickness of the prepared materials.
In addition, a simulation of the typical conditions of the human gastro-intestinal path allowed to
state that the sandwich like structure of the hybrid tablet is efficient in controlling the drug release
with a dependence on the pH conditions of the physiological aqueous medium. Besides, we reported
the development of an alternative strategy for the preparation of a new type of multicomponent
hybrid nanopaper constituted be the co-assembling in water of cellulose nanofibers, sepiolite and
halloysite nanotubes. The main advantage of this choice is represented by the different chemical
surfaces that the resulting materials possesses and by the homogeneous aspect, flexibility and good
mechanical properties of the films. Owing to their hierarchical porosity and to the diverse surface
characteristics of the HNTs-SEP-CNF hybrids, in vitro antibacterial assays from salicylic acid
loaded nanopapers allowed to evaluate their very good antimicrobial activity against S. aureus at pH
= 5.5, thus confirming their potential employ in controlled delivery and health applications. Finally,
we designed a new protocol for the preparation of Pickering emulsions based on halloysite and wax
than can be used for the treatment of waterlogged archeological woods. The prepared particles are

89



spherical and well-shaped and they present nanotubes at the wax/water interface. In particular,
HNTs were added to the wax at different concentrations and it was highlighted that the coverage
degree strictly depends on the amount of HNTs added during the preparation procedure, the
coverage being higher the higher is the concentration of nanoclay. More interestingly, the
dimensions of the Pickering emulsion are deeply affected by the clay amount, since they decreased
as the nanotubes content increased. The presence of halloysite has also effects on the thermal
properties of the paraffin. The Wax/HNTs Pickering emulsions were investigated as consolidants
for waterlogged archaeological woods. One of the most important features of the proposed
consolidation protocol is its eco-friendliness, being that only water was used as immersion solvent
for the wood impregnation. The result of this treatment showed that the consolidation efficiency
increased compared to the use of pure wax and, more interestingly, wooden pores and channels
appear to be filled by the pickering emulsions. The rigidity and stiffness of the archeological wood
were strongly improved. In conclusions, the proposed protocol is encouraging for the durable
preservation of waterlogged archaeological woods and it overcomes some limitations regarding the
possibility to be scaled up and employed for shipwrecks of big dimensions.

Overall, the sustainability is a key factor throughout this thesis. Several critical issues are addressed
by materials with different architectures that can be used for various applications in a wide range of

industrial relevant fields.
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1. Introduction

The encapsulation of active molecules within the cavity of tubu-
lar nanoparticles represents an emerging issue because of its impli-
cations on the fundamental sciences and nanotechnologies [1-7].
Literature [2] reports that the filling of carbon nanotubes from
aqueous solutions depends on the confinement of water, which
exhibits an increase of its boiling temperature. Kim et al. [1] evi-
denced that the loading of carbon nanotubes is driven by the pecu-
liar evaporation process occurring in the confined space.

Among the nanoparticles with tubular morphology, halloysite
nanoclay has attracted a growing interest because of its biocom-
patibility, geometrical characteristics and peculiar surface proper-
ties [8,9]. Due to its high specific surface, halloysite was employed
as efficient catalytic support for the deposition of Pd [10,11] and Ag
nanoparticles and bimetallic catalysts, such as Cu-Co [12] and AgPd
[13]. As concerns the biocompatibility, halloysite nanotubes
(HNTs) revealed a low toxicity towards nematodes [14], mice
[15] and microorganisms [16,17]. In vitro tests showed that hal-
loysite generates a very low cytotoxicity on human cells, such as
endothelial [ 18] and epithelial [ 19] cells as well as peripheral blood
lymphocytes [20].

As described in a recent review [3], halloysite possess a hollow
tubular structure as a consequence of the rolling of kaolinite
nanosheets. According to both microscopy [21]| and scattering
results [22], the geological origin affects the sizes and the corre-
sponding polydispersion degree of halloysite nanotubes. The HNTs
length is about 1 pum, while the external and inner diameters are
within 20-200 and 10-70 nm, respectively. Halloysite belongs to
the mineralogical class of 1:1 phyllosilicates being that the compo-
nent layers are formed by two sheets with different configuration
(one octahedral sheet of alumina and one tetrahedral sheet of sil-
ica). As a consequence of the rolling of the sheets [23], the inner
and outer surfaces of halloysite possess different chemical compo-
sition and opposite charge within a pH range between 2 and 8.
Specifically, the alumina internal surface is positively charged,
while the silica shell presents a negative charge [24]. Conse-
quently, electrostatic attractive forces between ionic molecules
and the charged halloysite surfaces drives to the selective function-
alization of the clay nanotubes [25]. As example, the adsorption of
sodium alkanoates onto the HNTs inner surfaces generated inor-
ganic tubular micelles with excellent removal ability towards
hydrocarbons (both aliphatic and aromatic) [26] as well as organic
dyes [25]. It was demonstrated that the peculiar interfaces of hal-
loysite control the self-assembling processes [27,28], the formation
of liquid crystals [29] and the preparation of Pickering emulsions
[30,31], which can be used for oil spill remediation.

Several studies [32-38] showed that HNTs can be employed as
nanocontainers for biologically and chemically active compounds,
which are filled within the confined space of the halloysite lumen.
The sustained release of the entrapped molecules extends their
action time, which can be exploited for specific pharmaceutical,
medical and technological purposes [35]. The combination of eco-
compatible polymers and loaded HNTs generated composite films
with antioxidant [39,40] anticorrosive [34,41] and antimicrobial
activities [3,42,43] that are useful for food packaging, protection
coatings and tissue engineering.

The most common procedure for the HNTs loading consists of
three steps: (1) mixing of the clay dry powder with the saturated
solution of the guest molecule; (2) sonication and stirring of the
HNTs/guest molecule dispersion; (3) vacuum pumping in/out
operation, in which the dispersion is transferred from atmospheric
pressure to a vacuum jar. The latter step was introduced with the
aim to optimize the amount of active molecules loaded inside the
nanotubes by keeping the system under vacuum for 1-5h and

then cycling it back to atmospheric pressure. Generally, this oper-
ation is repeated for 3 times. The first demonstration on the usage
of vacuum pumping for an enhancement of the drug loading inside
the HNTs cavity is reported by Price et al. [44] The influence of the
vacuum pumping on the filling mechanism of HNTs lumen is still
unclear. Macroscopically, we observe a slight fizzing of the HNTs
suspension under vacuum. Firstly, this observation was related to
the air removal from the HNTs inner space and the consequent pro-
motion of the filling of the drug solution [45-47]. The most recent
hypothesis report that the vacuum conditions increase the loading
efficiency because of the water removal from the nanotubes occur-
ring during the observed slight fizzing [35].

Here, we explored the loading mechanism by focusing on the
unusual thermodynamics of water restrained inside a confined
space. According to the Gibbs-Thomson effect [48], the curvature
of the HNTSs cavity increases the water vapor pressure and, conse-
quently, the evaporation process is faster. Namely, the increase of
the vapor pressure is related to the surface/volume ratio, which is
enhanced for water confined within the HNTs pores. In general, the
dependence of the vapor pressure P(r) of a liquid on the curvature
of the pores is expressed by the Kelvin equation

P(r) = P¥exp(y/r-p-kg-T) (1)

where P> is the vapour pressure of the bulk liquid, v is the surface
tension, r is the pore radius, p is the density, kg is the Boltzmann
constant and T is the temperature.

In our previous study [48], the filling of n-decane within the
hydrophobically modified HNTs was proved by the significant
decrease (ca. 40 °C) of the volatilization temperature for the con-
fined hydrocarbon. This finding highlights the relevant effect of
the confinement phenomenon on the liquid volatilization and, con-
sequently, on its tendency to move from the HNTs cavity.

Based on these considerations, this work was aimed to (1)
demonstrate the water confinement inside the HNTs cavity; (2)
provide a clear and unequivocal description of the HNTs filling
from aqueous solutions of guest molecules. Accordingly, the
attained knowledge could open new routes in the preparation pro-
cedure of effective delivery systems based on clay nanotubes.

2. Experimental
2.1. Materials

Halloysite nanotubes (HNTs), kaolinite (Kao), sodium dode-
canoate (NaL) and metoprolol tartrate (MT) are Sigma Aldrich
products. Salicylic acid (SA) and malonic acid (MA) are from Fluka
and Acros Organics, respectively. All the products were used with-
out any purification treatment.

2.2. Hydrophobization of halloysite cavity

Halloysite nanotubes with a hydrophobic cavity were prepared
by using the same procedure reported in our previous papers
[25,26]. Firstly, we prepared a stable NaL aqueous solution (con-
centration of 1.25 wt%) by magnetically stirring for 2 h at 20 °C.
Then, we added an appropriate amount of halloysite and the
obtained dispersion was magnetically stirred for 48 h at 20 °C.
Based on the geometrical characteristics of halloysite, the maxi-
mum surfactant loading in the cavity is ca. 10 vol% Therefore, the
selected HNT/surfactant ratio (1:1) of the suspension assures the
full loading of the halloysite cavity. Afterwards, the dispersion
was centrifuged allowing to recover the HNTs/NaL solid material,
which was washed three times with water in order to avoid the
presence of unbound surfactant. As shown by FESEM images
(Fig. 1), the hydrophobization of the HNTs cavity did not alter
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HNTs/NaL

Kaolinite

Fig. 1. FESEM images for HNTs, HNTs/NaL and kaolinite.

the hollow tubular shape of halloysite. For comparison, the platy
morphology of kaolinite is displayed in FESEM microscopies

(Fig. 1).

2.3. Encapsulation of active molecules within halloysite lumen

The encapsulation of the active molecules (metoprolol tartrate,
salicylic acid and malonic acid) within the halloysite cavity was
performed by aqueous suspensions as described elsewhere [35].
Due to their carboxylate groups, the selected guest molecules can
be entrapped within the lumen as a consequence of electrostatic
interactions with HNTs inner surface, which is positively charged.
Firstly, we prepared saturated solutions of the active compounds
in water by magnetically stirring for 2 h at 20 °C. To these solu-
tions, we added a certain amount of halloysite in order to obtain
aqueous dispersions with a HNTs/guest molecule ratio of 2:1. The
HNTs/drug suspensions were subjected to ultrasonication for
5 min and transferred to a vacuum jar, which allows to reduce

the pressure conditions (P =0.01 atm). The suspensions were kept
under reduced pressure for 30 min and, then, the vacuum was bro-
ken. The cyclic vacuum pumping infout procedure was repeated
three times. Finally, the dispersions were centrifuged to recover
the loaded nanotubes, which were washed three times with water
to remove the unbound guest molecules. The obtained nanomate-
rials were dried and stored in a desiccator at room temperature.
Besides the described preparation procedure, the loading of the
nanotubes was carried out by keeping the HNTs/guest molecule
suspensions at P=1 atm for 90 min. The latter replaced the vac-
uum pumping in/out cycles. The comparison of the loadings at dif-
ferent pressure (P =0.01 and 1 atm) allowed us to investigate the
influence of the vacuum conditions on the filling process. More-
over, we conducted the loading of salicylic acid into kaolinite
plates by using the same protocols employed for halloysite.

2.4. Methods

2.4.1. Thermogravimetry

Thermogravimetry (TG) measurements were performed by
means of a Q5000 IR apparatus (TA Instruments) under the nitro-
gen flows of 25 cm®> min~! and 10 cm® min~! for the sample and
the balance, respectively. The temperature calibration of the appa-
ratus was conducted on the basis of the Curie temperatures of
standards (nickel, cobalt, and their alloys) as reported elsewhere
[49]. TG experiments were conducted on HNTs/active molecules
and their pure components by heating the samples (ca. 5 mg) from
room temperature to 800 °C with a scanning rate of 20 °C min'.
The quantitative analysis of TG data provided the loading through
the rule of mixtures [33]. Details on the calculation of the loading
amounts of guest molecules are presented in Supporting Informa-
tion. Moreover, Knudsen thermogravimetry (KTG) tests were con-
ducted in isothermal conditions (temperature was fixed at 30 °C)
by replacing the standard open pan with the Knudsen cell, which
possesses an orifice with a diameter of 20 um. In this regards, it
should be noted that KTG analysis is a proper method to investi-
gate the interactions between water and nanoclays, as reported
for smectite [50]. KTG measurements were conducted on 30 wt%
aqueous dispersions of clay samples (kaolinite, HNTs and HNTs/
NaL). As shown in Supporting Information, the masses of the highly
concentrated suspensions (that corresponds to wet clays) decrease
with the time until a constant value, which represents the mass of
the dried nanomaterials indicating that the evaporation is
complete.

KTG measurements allowed us to study the isothermal water
evaporation from wet nanoclays. The mass loss rate (that corre-
sponds to the evaporation velocity) can be expressed as

dm/dt = K- (Pip¢ — Pext) M

where K is a constant related to the volatile gas, P, is the partial
pressure of the water vapor inside the cell and Pey; is the external
pressure. Due to the small orifice of the Knudsen cell, P;,; is much
larger (at least two order) than Pey; and, consequently, the evapora-
tion velocity can be considered proportional to Pj,. On this basis,
we can estimate the evolution of the thermodynamic water activity
(aw) during the evaporation according to the following equation

(dmy/dt), /(dm/dt),, ~ (Pint)y/ (Pint)y = aw 2)

being (dm/dt), and (dm/dt),, the mass loss rates for the nanoclay
aqueous dispersion and pure water, respectively. It should be noted
that (Piy)w represents the relative vapor pressure for pure water,
while (Pj,), is the vapor pressure of water contained in the nan-
oclay dispersion.

Based on the KTG data analysis, we investigated the effect of the
nanoparticles morphology on the relative vapor pressure of water
evaporated from wet nanoclays.
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2.4.2. Water contact angle

Water contact angle tests were conducted on HNTs, HNTs/NaL
and kaolinite by using an optical contact angle apparatus (OCA
20, Data Physics Instruments) equipped with a video measuring
system having a high-resolution CCD camera and a high-
performance digitizing adapter. Data acquisition was conducted
by SCA 20 software (Data Physics Instruments). The contact angle
(0) of water in air was detected through the sessile drop method
by placing a water droplet of 10 + 0.5 mL onto the surface of nan-
oclay tablets. The measurements were conducted at 30.0 + 0.1 °C.
Images were collected 50 times per second, starting from the depo-
sition of the drop to 6 s. The evolution of the water contact angle
on time was fitted by an empiric approach based on the following
equation [51]

0 =0; - exp(—kq - t") 3)

where 0; corresponds to the initial contact angle, ky and n are char-
acteristic coefficients related to the kinetics and the mechanism of
the process. Specifically, n ranges between 0 and 1 on dependence
of the absorption and spreading contributions to the kinetic 6
evolution.

2.4.3. Field emission scanning electron microscopy (FESEM)

FESEM experiments were carried out by means of FE-SEM, Hita-
chi SU8010 microsope. To prevent electrostatic charging during
observation, the samples were coated with a thin layer of
platinum.

3. Results and discussion

3.1. Thermodynamics of water evaporation from nanoclay aqueous
dispersions: Knudesen thermogravimetry

The thermodynamics of water evaporation from halloysite nan-
otubes and platy-like kaolinite was explored by KTG experiments
in order to investigate the effect of the nanoclay morphology on
the vapor pressure of the evaporating water. Based on the KTG data
analysis, we determined the dependence of the water evaporation
rate on the moisture content (M,,) of the nanoclays for HNTs,
HNTs/NaL and kaolinite dispersions (Fig. 2). It should be noted that
M,, was calculated from the mass ratio between water and dry
nanoclay. The trends in Fig. 2 allows to classify the evaporating
water in three categories: (1) bulk water ((dm/dt),/(dm/dt),, = 1);
(2) confined water ((dm/dt),/(dm/dt),, > 1); (3) adsorbed water
((dm/dt),/(dm/dt),, < 1). It should be noted that halloysite pos-
sesses two interlayer water molecules per formula unit. The evap-
oration of the interlayer water cannot be detected by KTG
experiments being that their expulsion from halloysite structure
occurs at ca. 500 °C [23].

3.1.1. Water confinement within the halloysite nanotubes cavity

As concerns both pure and surfactant modified halloysite
(Fig. 2), a large content (ca. 25 wt%) of evaporating water presents
(dm/dt),/(dm/dt),, > 1, which means that its vapor pressure is
greater than that of bulk water. This result can be attributed to
the confinement of water within the nanotube’s cavity in agree-
ment with the Gibbs-Thomson effect [52]. Due to its higher vapor
pressure, the water confined inside the nanotubes’ cavity can evap-
orate faster than the bulk water. The difference of the water evap-
oration rate represents the main driving force for the filling of
HNTs cavity through aqueous dispersions. Interestingly, we
observed that the surfactant hydrophobization of the halloysite
lumen does not alter the water confinement. On this basis, we
can assert that the chemical composition of the HNTs inner surface
does not influence the confinement process. Contrary to halloysite
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Fig. 2. Mass loss rates for the nanoclay aqueous dispersions normalized for pure
water evaporation as a function of the mass ratio between water and dry nanoclay.
The experimental data in water activity range between 0.05 and 0.95 were fitted
according to GAB model (red solid line).

nanotubes, the water evaporated from kaolinite dispersion pos-
sesses (dm/dt),/(dm/dt),, <1 within the entire evaporation pro-
cess (Fig. 2) evidencing that the platy morphology did not
provide any confinement site for the aqueous solvent. As sketched
in Fig. 3, we can conclude that the water confinement is totally
related to the geometrical characteristics of the nanoclay particles.

3.1.2. Water adsorption onto nanoclay surfaces

Water molecules with (dm/dt),/(dm/dt),, < 1 are related to the
isothermal desorption from the nanoclays surfaces occurring dur-
ing the evaporation process. As shown in Fig. 2, the desorption iso-
therms were successfully fitted by using the Guggenheim-
Anderson-de Boer (GAB) model [53], which is expressed by the fol-
lowing equation

My =(Mp-C-K-ay)/[(1-K-aw)/(1-K-ay+C-K-ay)] (4)
where My is the monolayer moisture content, while C and K are

adsorption constants associated to the monolayer and the upper
multilayers, respectively.
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Fig. 3. Schematic representation of the water confinement process within clay nanoparticles. The comparison between halloysite nanotubes and platy kaolinite.

It should be noted that the GAB equation is valid for 0.05 < a,
< 0.95. The suitability of GAB model for the experimental desorp-
tion isotherms was proved by the K values, which range between 0
and 1 as requested for the validation of this approach.

Table 1 collects the adsorption parameters calculated for HNTs,
HNTs/NaL and kaolinite.

Regarding the monolayer moisture content, we detected that
My of kaolinite is much lower compared to those of both pure
and modified HNTs. Based on My values, the specific surface area
(SSA) for water sorption can be determined as [54] (seeTable 2)

SSA = (Mo - N - Aw)/MMy )

being N, the Avogadro number, whereas A,, and MM,, are the
surface area and the molecular weight of water, respectively.
According to the morphological characteristics, kaolinite possesses
a smaller SSA respect to that of halloysite. Namely, the rolling of
kaolinite plates into halloysite nanotubes generates an enhance-
ment of the surface area because of geometrical considerations.
The surfactant modification of halloysite inner surface deter-
mined a SSA decrease that cannot be ascribed to morphological
variations. As displayed by FESEM micrographs (Fig. 1), HNTs/NaL
preserves the hollow tubular morphology of HNTs and the sizes
of pure and modified halloysite are comparable. On the other hand,
the SSA reduction can be attributed to changes on the chemical
composition of halloysite inner surface. Specifically, pristine HNTs
possess a hydrophilic lumen that allows for the water adsorption
onto the internal surface. In contrast, water molecules cannot be
adsorbed within the hydrophobically modified cavity of HNTs/
NaL. HNTs exhibits two hydrophilic adsorption sites (outer and
inner surfaces), while the water sorption is limited to the HNTs/
NaL outer shell. As concerns the adsorption constants, we calcu-

Table 1

GAB fitting parameters for the water desorption from nanoclays.
Nanoclay Mo K C
HNTs (2.72£0.11) - 102 0.78 £0.01 7.1+0.7
HNTs/NaL (1.46 £0.03) - 102 0.885 + 0.007 15.1+1.2
Kaolinite (0.37 £0.09) - 1072 0.979 £ 0.001 7+2

Table 2
Specific surface area of the nanoclays determined by the
fitting of water desorption isotherms.

Nanoclay SSA/m? g~!
HNTs 96+4
HNTs/NaL 51913
Kaolinite 13.4+03

lated C values larger than K for all the nanoclays highlighting that
the adsorption heat of the first water layer is higher respect to that
of the multilayers [55]. This difference was enhanced by the
hydrophobization of the HNTSs cavity. As general result, the desorp-
tion isotherms can be classified as type III being that C is larger
than 2 [53].

3.2. Wettability of nanoclays

The wettability properties of HNTs, HNTs/NaL and kaolinite
were investigated by water contact angle experiments. Fig. 4a
shows the images of the water droplets just after their deposition
on the nanoclay surface. According to their chemical composition,
kaolinite and HNTs exhibited a hydrophilic surface as demon-
strated by their 6; values (30.1 and 30.7°, respectively). Interest-
ingly, the hydrophobization of the HNTs cavity did not alter the
hydrophilic behavior of the halloysite surface in agreement with
the selective adsorption of the anionic Nal inside the lumen.
Similar results were detected for HNTs modified with negatively
charged polymers, such as polystyrene sulfonate [27].

Additional information on the interactions between water and
nanoclay surface were obtained by the analysis of the kinetic evo-
lution of the water contact angle. As displayed in Fig. 4b for HNTs,
the 6 vs t trends were successfully fitted by the Eq. (1) providing
the kinetic constant and the n exponential parameter, which are
collected in Table 3.

The goodness of the Eq. (1) as model fitting for the 6 vs t
functions was proved by the n values, which range between 0
and 1 indicating that the kinetic evolution of the contact angle is
affected by both the absorption and the spreading of water onto
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Fig. 4. (a) Images of the water droplets just after their deposition on the surface of HNTs, HNTs/NaL and kaolinite. The corresponding 6; are reported
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angle as a function of time for HNTs. The solid red line represents the fitting based on the Eq. (3).

Table 3

Fitting parameters on the kinetic evolution of the water contact angle.
Nanoclay Ko/s ™" n
HNTs 0.087 + 0.009 0.28 +0.02
HNTSs/NaL 0.036 + 0.003 0.65 +0.02
Kaolinite 0.063 +0.011 0.82+0.06

the nanoclay surface. The presence of NaL within the HNTs lumen
generated a decrease of the process rate and an enhancement of
the spreading contribution, which is evidenced by the n reduction.

The combination of the water contact angle with Knudsen ther-
mogravimetry data allowed us to estimate the cavity radius (r.) of
HNTs and HNTs/NaL. According to the La Place-Kelvin equation, 1.
can be calculated by 6; and the ratio between the vapor pressure of
confined water (P) and bulk water (P°) as

fe=(2-v, - Vw-cos(6))/(R-T-In(P/P%)) (5)

where v,y and V,, are the surface tension and the molar volume of
water, T is the temperature and R is the ideal gas constant.

Based on the KTG analysis (Fig. 1), the confinement process
within the halloysite lumen was proved by the detection of
evaporating water molecules with (dm/dt),/(dm/dt),, > 1. Assum-
ing that P/P° corresponds to the largest (dm/dt),/(dm/dt),, value,
r.=9.0+£0.2 and 11.7+0.2nm were calculated for HNTs and
HNTs/NaL, respectively. These results are consistent with the
structural investigations of halloysite nanotubes reported in
literature [21,22].

3.3. The effect of the vacuum pumping on the guest molecules loading
within HNTs cavity

We investigated the effect of the pressure conditions on the
loading efficiency of HNTs towards several bioactive compounds
including metoprolol tartrate (MT), salicylic acid (SA) and malonic
acid (MA). In particular, the filling of HNTs lumen was conducted
by aqueous solutions of the guest molecules exposed at ambient
pressure (P=1atm) as well as under forced reduced pressure
(P=0.01 atm). The amount of active molecules loaded into the
HNTs cavity was determined through thermogravimetry. Fig. 5a
compares the thermogravimetric curves of pristine halloysite and
HNTs filled with malonic acid.

As expected, the presence of the active molecules generated a
decrease of the residual mass at high temperature because the
organic moiety thermally decomposes in the range from 200 to
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Fig. 5. (a) Thermogravimetric curves for HNTs and HNTs loaded with malonic. (b)
Loadings for HNTs filled with malonic acid, metoprolol tartrate and salicylic acid.

400 °C (see Supporting Information). The nanotubes loaded under
vacuum exhibited a lower residual matter with respect to that
prepared at ambient pressure highlighting the better loading
efficiency at reduced pressure. As reported elsewhere [33], we cal-
culated the amount of active molecules encapsulated inside HNTs
by using the rule of mixtures on the residual masses at 800 °C.

Table 4
Mass percentages of the guest molecules filled into halloysite nanotubes.

Hybrid nanomaterial Loading/wt%

P=1atm P=0.01 atm
HNTs/MA 2.52+0.12 73+03
HNTs/MT 2.77£0.13 3.84+0.19
HNTs/SA 1.01 £0.07 4.7+0.2
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Fig. 6. FESEM images for HNTs/MA prepared at P =0.01 atm (a,b) and 1 atm (c,d).

Fig. 5b presents the loading results as surface molar coverage
(umol of guest molecule per m? of halloysite surface), while Table 4
collects the mass percentages of the guest molecules in HNTs
based hybrids. It should be noted that the active molecules possess
anionic carboxylate groups in their chemical structure. Accord-
ingly, the loading process is favored by the attractive interactions
between the guest molecules and the halloysite inner surface,
which is positively charged.

As a general result, an enhancement of the loading efficiency
was determined by the reduction of the pressure confirming that
the vacuum favors the filling of the HNTs cavity. In detail, the
amount of guest molecule incorporated within the nanotubes

Water evaporation from the lumen is faster

increased by 38, 188 and 369% for MT, MA and SA, respectively.
Contrary to these results, the loading capacity of kaolinite was
slightly affected by the pressure conditions in agreement with its
platy morphology. As shown in Supporting Information, we
detected similar thermogravimetric curves for kaolinite/SA sam-
ples prepared at different pressure. In particular, the residual mat-
ter at 800 °C was not significantly altered by vacuum application
and, consequently, similar SA loadings (0.45 and 0.62 wt% for the
hybrids prepared at P=1 and 0.01 atm, respectively) were esti-
mated through the rule of mixtures. Morphological investigations
of loaded HNTs confirmed that a lower pressure increases the fill-
ing of the halloysite lumen. In this regards, Fig. 6 shows FESEM

Aqueous solution refills the lumen and guest accumulates

Fig. 7. Schematic representation on the filling process of halloysite nanotubes.
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images of HNTs/MA samples prepared at different pressure
conditions.

As a general result, the loading did not significantly modify the
halloysite tubular morphology. Halloysite loaded at P=0.01 atm
(Fig. 6a,b) evidenced several nanotubes fully closed with some
spherical nanoparticles at the lumen gate as a consequence of
the MA filling. This peculiarity was not observed for HNTs/MA pre-
pared at P =1 atm (Fig. 6¢,d). Namely, halloysite filled at ambient
pressure preserved the hollow cavity indicating a lower loading
efficiency.

The influence of the pressure conditions on the loading of
halloysite is strictly correlated to the water confinement within
HNTs cavity proved by Knudsen thermogravimetry. As sketched
in Fig. 7, the filling of the HNTs cavity is due to the different
volatility of confined and bulk water. The fraction of water con-
fined into the lumen possess a larger vapor pressure compared
to that of the bulk water generating a difference in the evapora-
tion rate. Based on KTG measurements at 30 °C, confined water
presents a vapor pressure equals to 0.0460 + 0.0008 atm, which
is 12% larger than that of bulk water (0.0419 atm) and, conse-
quently, a flux of water from the bulk phase to the confined part
is needed to compensate the different evaporation velocity and
to refill the lumen. Namely, the faster evaporation of the con-
fined water determines a flux of the aqueous solution within
the HNTs cavity and a consequent enrichment of the entrapped
guest molecules. Then, the evaporation of aqueous solvent
causes the precipitation of the active molecules within the HNTs
lumen. The replacement of the aqueous solution inside the hal-
loysite lumen is facilitated under low-pressure conditions
because the water vapor pressure is approaching. Consequently,
the solvent volatilization rate increases.

4. Conclusions

This work represents the first thermodynamic demonstration of
the water confinement within the cavity of halloysite nanotubes
(HNTs). The water confinement was not observed in kaolinite
nanosheets, while this process occurred in HNTs/sodium dode-
canoate hybrid highlighting that water molecules can be confined
within halloysite nanotubes with a hydrophobically modified cav-
ity. The thermodynamic evidence of the water confinement is the
starting point for a proper description of the loading mechanism
of HNTs cavity from aqueous solutions of guest molecules. Com-
pared to the bulk water, the confined fraction exhibits a larger
vapor pressure and, consequently, a faster evaporation rate that
can be attributed to the Gibbs-Thomson effect. During the water
evaporation, the guest molecules precipitate inside the cavity
and fresh aqueous solution from bulk phase migrates to the hal-
loysite lumen. This phenomenon is favored by vacuum pumping
once that vapor pressure of the solvent is approached. The latter
was experimentally proved by loading three different guest mole-
cules with anionic carboxylate groups, which can interact with the
positive HNT internal surface because of electrostatic attractions.
In this regards, we observed that the vacuum pumping operation
induces relevant increases on the loading efficiency of halloysite
nanotubes. The amount of salicylic acid filled into the HNTs lumen
was enhanced by 369% as a consequence of the cyclic vacuum
pumping in/out procedure. In contrast, the loading capacity of
kaolinite nanosheets was not significantly altered by vacuum
application.

In conclusion, this study describes the physico-chemical aspects
of halloysite filling, which is controlled by water confinement
within the nanotubes’ cavity. The attained knowledge represents
a fundamental step for the development of loading protocols into
confined spaces of tubular nanoparticles.
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Halloysite nanotubes were functionalized with stimuli-responsive macromolecules to generate
smart nanohybrids. Poly(N-isopropylacrylamide)-co-methacrylic acid (PNIPAAM-co-MA) was
selectively adsorbed into halloysite lumen by exploiting electrostatic interactions. Amine-
terminated PNIPAAM polymer was also investigated that selectively interacts with the outer
surface of the nanotubes. The adsorption site has a profound effect on the thermodynamic
behavior and therefore temperature responsive features of the hybrid material. The drug release
kinetics was investigated by using diclofenac as a non-steroidal anti-inflammatory drug model.
The release kinetics depends on the nanoarchitecture of the PNIPAAM //halloysite based
material. In particular, diclofenac release was slowed down above the LCST for PNIPAAM-co-
MA /halloysite. Opposite trends occurred for halloysite functionalized with PNIPAAM at the
outer surface. This work represents a further step toward the opportunity to extend and control

the delivery conditions of active species, which represent a key point in technological

applications.
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1. Introduction

Nanotechnology deals with the manipulation of matter at the
nanometric scale in order to fabricate new materials with
some requested features. Among nanomaterials, hybrid sys-
tems prepared by the combination of inorganic nanoparticles
and biomolecules are promising for several applications
within materials science and biotechnology [1-5]. Clay
nanoparticles are promising solid supports because of their
sustainability and low cost [6]. Halloysite is an emerging
hollow tubular clay, which is naturally available worldwide
and cheap compared to synthetic nanoparticles with similar
morphology [7, 8]. From the mineralogical viewpoint, hal-
loysite is a 1:1 aluminosilicate (Al,Si,Os(OH), - 2H,0) that
possesses two water molecules in the interlayer wall with a

0957-4484/18/325702+-07$33.00

spacing of 10 A [7-9]. Similarly to kaolinite, dehydrated
halloysite presents a shorter interlayer wall periodicity (7.2 A)
due to the loss of the water molecules. Typically, halloysite
nanotubes (HNTs) are quite polydisperse in nature depending
on the geological deposit [10]. Their length ranges between
50 and 1500 nm, while the intervals for external and internal
diameters are 20—150 and 10-15 nm, respectively [10]. Due
to the hydrophilicity of HNTs and their small dimensions, raw
HNTs can be readily dispersed in water easily by mechanical
stirring or ultrasonic treatment [11].

The HNT tubular morphology is caused by the packing
disorder induced by the interlayer water molecules. Namely,
the rolling up of overlapped silica tetrahedral and alumina
octahedral sheets generates the hollow tubular shape of hal-
loysite [8]. Furthermore, the HNT surfaces possess a different

© 2018 IOP Publishing Ltd  Printed in the UK
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chemical composition: the lumen is formed by alumina, while
the shell consists of silica. According to the specific acidic-
base equilibria, the inner and external surfaces are positively
and negatively charged, respectively, in a wide pH range
(2-8) Therefore, the HNT cavity represents an efficient con-
tainer for negative macromolecules, such as polymers and
surfactants [7, 12]. Targeted chemical functionalization can
be achieved by covalent interactions at the inner/outer sur-
faces [13-15].

The different surface chemistry [16] combined to the
biocompatibility (evidenced by biological tests on cells and
microorganisms [17-19]) explains the suitability of HNT as
nanocontainers and delivery systems (proteins, gas, drugs,
antimicrobials, corrosion inhibitors) [7, 19-27]. Halloysite
oral administration limit was established in a recent paper as
20-30mgkg " of body weight. Firstly, Price er al demon-
strated halloysite is a viable and inexpensive nanoscale con-
tainer for the encapsulation of oxytetracycline, khellin and
nicotinamide adenine dinucleotide (NAD) [28]. A further
control on molecule incorporation and release from HNTs are
obtained by end-capping [22, 29, 30], or hydrogel microgel
lumen filling [31] strategies. HNTs are suitable supports for
catalytic applications [32-34].

Polymers are largely used to generate hybrid organic/
inorganic nanostructures to produce a wide group of new
materials. Poly-N-isopropylacrylamide (PNIPAAM) [35, 36],
poly(ethylene oxide) and poly(propylene oxide) based copo-
lymers [37, 38] are examples of thermo-sensitive moieties. As
concerns PNIPAAM, its macromolecular transition from a
hydrophilic (or swelled) to a hydrophobic (or shrunken)
structure occurs rather abruptly at the lower critical solution
temperature (LCST), which is at ca. 32 °C but can vary in a
wide range on dependence of the microstructure of the mac-
romolecule [39-41]. Copolymerization of two or more
monomers with different functional groups leads to stimuli-
responsive polymers. Effective nanocarriers with controlled
release capacity can be obtained by using polymers sensitive
to multiple external stimuli, such as temperature and pH [42].
PNIPAAM based polymers were used as pH- and temperature
sensitive drug delivery systems. Some examples may include
the intestinal release of human calcitonin, insulin, and ibu-
profen [43, 44]. As an example, PNIPAAM polymers are
successful in the targeted release of drugs (calcitonin, insulin,
and ibuprofen) within the human intestine [43, 44]. Protein
adsorption can be tuned on PNIPAAM coatings [45]. PNI-
PAAM beads can be employed for the immobilization of
drugs in the stomach because of their resistance to acidic pH.
On the contrary, the disintegration of PNIPAAM beads at
basic pH allows the release of the drugs in the intestine [46].

The grafting of PNIPAAM onto the halloysite external
surface was proposed to obtain a novel thermo-responsive
drug carrier for curcumin delivery [47]. PNIPAAM/HNT
hybrid exhibited thermo-sensitive properties that are not
detected in the pristine nanotubes. Below LCST, modified
HNT showed a significant enhancement of the colloidal sta-
bility in water with respect to that of pure halloysite [48].

This work was aimed to develop a new drug delivery system
composed by halloysite and charged PNIPAAM-co-methacrylic

acid, which selectively interacts with the HNT surface. Amine-
terminated PNIPAAM was also investigated for comparison. The
influence of the adsorption site on the structural and thermo-
dynamic behavior of the hybrids was investigated. Finally, the
functionalized nanotubes were studied as carriers for diclofenac,
which is used as a non-steroidal anti-inflammatory drug model.
The release kinetics of the drug was studied at variable tem-
peratures in order to evaluate the efficiency of the hybrids as
thermo-responsive nanocarriers. On this basis, the opportunity to
extend and control the delivery conditions represents a key point
in pharmaceutical and biomedical applications.

2. Experimental section

2.1. Materials

HNTs are from Imerys Ceramics. Pyrene (= 99.0%), diclo-
fenac sodium salt (molecular weight = 318.13 gmol "), poly
(N-isopropylacrylamide)-amine-terminated (PNIPAAM-NH,,
average molecular weight = 5500 gmol ") and poly(N-iso-
propylacrylamide-co-methacrylic acid) (PNIPAAM-co-MA,
average molecular weight = 10000 gmol ', 10 mol%
methacrylic acid) are from Sigma Aldrich.

2.2. Preparation of PNIPAAM/HNTSs dispersions in water

Aqueous PNIPAAM solutions were prepared by dissolving
0.1 g of polymer in 10 g of water. Then, a proper amount of
halloysite was added in order to obtain PNIPAAM/HNT
dispersions with a weight ratio of 1:10. Stable dispersions
were achieved by magnetically stirring for 24 h.

2.3. Loading of diclofenac infto PNIPAAM/HNT hybrids

Firstly, 0.5g of HNT was added to a saturated solution of
diclofenac sodium salt and the mixture was stirred for 24 h to
obtain a stable dispersion. Then, 0.05 g of PNIPAAM was added
and kept stirred overnight allowing the polymer adsorption on
the HNT surfaces. Finally, the dispersions were centrifuged to
separate the solid material, which represents the PNIPAAM/
HNT containing diclofenac. The material was washed with
water five times and dried at 25 °C.

2.4. Methods

Micro differential scanning calorimetry (micro-DSC) analysis
was performed by using a Setaram DSC III apparatus. Mea-
surements were conducted under constant nitrogen flow in the
range from 10 °C to 55 °C with a scan rate of 1 °C min~'. The
stainless steel (1 cm®) sample cell was filled with ca. 500 mg
of the aqueous dispersion and the reference cell with the
corresponding amount of water. The calibration was per-
formed by using naphthalene. The enthalpy of the process
was calculated from the signal integral area and normalized
per moles of PNIPAAM. Dynamic light scattering (DLS)
experiments were carried out by means of a Zetasizer NANO-
ZS (Malvern Instruments) within a temperature range
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between 10°C and 50°C. The field-time autocorrelation
functions were well described by a single decay, which pro-
vides the decay rate (C) of the diffusive mode. For the
translational motion, the collective diffusion coefficient at a
given concentration is D, = 1"/6]2 where ¢ is the scattering
vector given by 4mn\ "’ sin(f/2) being n the water refractive
index, A the wavelength (632.8 nm) and 6 the scattering angle
(173°). The apparent hydrodynamic radius (R,) of the
equivalent (with equivalent translational diffusion coeffi-
cients) spherical particle was calculated by using the Stokes
—Einstein equation as R, = kwT/(671), ky, being the Boltz-
mann constant, 7 the absolute temperature, and 7 the water
viscosity.

Fluorescence spectra of saturated aqueous solutions of
pyrene were recorded using Fluoromax 4 (Jobin-Yvon)
spectrofluorometer (90° angle geometry, 1 cm X 1 cm quartz
cell). The excitation wavelength was fixed at 333 nm, while
the emission spectra were registered from 350 to 500 nm. The
analyses were conducted from 10 °C to 50 °C with a temp-
erature step of 10°C. The temperature was controlled by
using a thermostat (+0.1 °C).

The functionalized nanotubes were imaged by using a
microscope  ESEM FEI QUANTA 200F. Before each
experiment, the sample was coated with gold in argon by
means of an Edwards Sputter Coater S150A to avoid charging
under the electron beam.

UV-vis spectrophotometry analyses were performed by
means of a UV-vis spectrophotometer (Analytic Jena Spe-
cord S 600 BU). In order to measure the release of diclofenac
sodium salt, a calibration curve was firstly recorded at
A =276nm. The molar extinction coefficient was
102701 mol~" cm™'. Release kinetics were measured by
immersing 10 mg of solid sample (PNIPAAM/HNT hybrid
containing diclofenac) into a dialysis bag (12kDa cut off)
filled with 50 ml of water. The release kinetics of diclofenac
from PNIPAAM/HNT nanocarriers was followed by UV—
vis. For comparison, release experiments were conducted on
HNT loaded with diclofenac. These tests were performed at
25°C and 50 °C.

3. Results and discussion

PNIPAAM/HNT aqueous dispersions were characterized in
order to investigate their colloidal stability, thermodynamics,
and structural properties. In particular, we explored the effect
of the site adsorption on the thermo-responsive behavior of
the PNIPAAM /HNT hybrids. On this basis, PNIPAAMs with
opposite charge (positive PNIPAAM-NH, and negative
PNIPAAM-co-MA) were selected because of their targeted
adsorption is driven by electrostatic interactions with HNT
surfaces.

3.1. Thermo-responsive characteristics of PNIPAAM/HNT
hybrids: the effect of the adsorption site

Figure 1 shows the hydrodynamic radius versus temperature
trends for pure PNIPAAMs and PNIPAAM /HNT hybrids.
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Figure 1. Hydrodynamic radius as a function of temperature.

Below LCST, R, values are ca. 3 and 4nm for
PNIPAAM-NH, and PNIPAAM-co-MA, respectively (see
inset in figure 1). These data can be correlated to the gyration
radius (Rg) of both PNIPAAMs estimated by the random coil
model, which can be expressed as

Co-N-I?
Rg:»\/T, ey

where [ is the PNIPAAM monomer length (0.34 nm) [49], C,
is the characteristic ratio in the limit of long chains (0.70 for
PNIPAAM) [49], and N is the number of monomer units. We
calculated that the R, of PNIPAAM-NH, and PNIPAAM-co-
MA are 8 and 11 nm, respectively. The R, values are ca. two
times larger than the R, ones indicating that the chain is
nearly in a Gaussian conformation. For temperature > LCST,
the Ry, value significantly increased (ca. 2000 nm and 800 nm
for PNIPAAM-NH, and PNIPAAM-co-MA, respectively) as
a consequence of the polymer aggregation, which promotes
the coalescence and phase separation of the polymer
(figure 2). Above the LCST, the PNIPAAM-co-MA shows an
Ry, value smaller than that of PNIPAAM-NH,. This effect is
probably due to the presence of large negative charge related
to the methacrylic functionalities that are responsible for
electrostatic repulsions between particles hindering further
aggregation. Regarding the hybrids systems, we observed that
the temperature increase does not affect the Ry, of PNIPAAM-
co-MA/HNT, which is constantly at ca. 200-300nm
reflecting the diffusion behavior of pristine halloysite
(figure 1). Namely, the LCST of PNIPAAM-co-MA was not
detected by DLS measurements demonstrating that the
negatively charged copolymer is incorporated into the HNT
positively charged lumen. (-potential measurements were
carried out as a function of temperature on pristine polymers
and hybrid systems to highlight this aspect (figure 2).
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Figure 2. Hydrodynamic radius as a function of temperature for
PNIPAAMs aqueous solutions and PNIPAAMs/HNT aqueous
dispersions.

PNIPAAM based polymers presented a nearly negligible
charge below the LCST. At temperature larger than LCST, a
large negative potential is observed for PNIPAAM-co-MA
while PNIPAAM-NH, turns to slightly positive potentials.
These trends are consistent with the formation of polymers
agglomerates above LCST with an opposite charge for the
two polymer systems. The large negative (-potential values
for PNIPAAM-co-MA at high temperature is due to the
ionization effect of the methacrylic acid functionalities in the
copolymer chain. The combination of PNIPAAM-co-MA and
PNIPAAM-NH, with HNTs clearly reduces the temperature
effect on (-potential values preserving the general increasing/
decreasing trend observed for each polymer.

Moreover, PNIPAAM-co-MA encapsulation within HNT
cavity rules out the formation of aggregates because the
polymer dehydration process takes place only within the
nanotubes. In contrast, the PNIPAAM-NH,/HNT composite
showed a strong R}, enhancement (from ca. 200 to 2000 nm)
at ca. 35 °C due to the collapsing of the polymer chains and
the formation of aggregates driven by the hydrophobic
interactions between the nanotubes, which present
PNIPAAM-NH, on their external surface (figure 2) [48].
Similarly, HNT modified with cationic surfactants (selectively
adsorbed on the outer surface) evidenced the clustering of
nanotubes due to the hydrophobic interactions between the
alkyl chains [12, 50]. The peculiar effect of the temperature
increase on the nanostructure of PNIPAAM/HNT composites
is sketched in figure 3.

The specific correlation between the PNIPAAM/HNT
site adsorption and the thermo-sensitive characteristics of the
hybrids was confirmed by DSC experiments, which are used
to investigate the hydration/dehydration processes induced
by temperature for polymers dispersed in water [48, 51, 52].
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Figure 3. Schematic representation of PNIPAAM-NH, and PNI-
PAAM-co-MA interaction with HNT surfaces and the effect of
temperature increase on the nanostructures of PNIPAAM/HNT
hybrids.
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Figure 4. DSC thermograms for pure PNIPAAMs and PNIPAAMs/
HNT hybrid systems.

DSC thermograms of pristine PNIPAAMs and PNIPAAM/
HNTSs mixtures are presented in figure 4.

As a general result, we observed an endothermic signal
that can be attributed to the polymer dehydration. Its inte-
gration provides the enthalpy (AH) of the PNIPAAM dehy-
dration, while the peak temperature corresponds to the LCST
value. Table 1 collects AH and LCST data for the investi-
gated systems.

It should be noted that AH is expressed as kJ per mole of
PNIPAAM by taking into account the stoichiometric polymer
amount in solution. According to table 1, the presence of
halloysite not altered the LCST neither for PNIPAAM-NH,
nor for PNIPAAM-co-MA. As concerns AH, the polymer
adsorption onto the HNT surfaces induced a reduction
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Figure 5. The dependence of /,/I; ratio on the temperature for
saturated aqueous solutions of pyrene in presence of pure
PNIPAAM-co-MA and PNIPAAM-co-MA /HNT hybrid.

Table 1. Enthalpy of PNIPAAM dehydration and LCST from micro-
DSC data.

LCST/°C  AH/KJ mol™’

PNIPAAM-NH, 344 95.8
PNIPAAM-NH,/HNTs 34.6 70.2
PNIPAAM-co-MA 344 145.8
PNIPAAM-co-MA /HNTs 344 30.9

(table 1) highlighting a modification of the thermodynamics of
hydration/dehydration process of PNIPAAMs molecules. This
effect is likely related to lateral interactions between the
molecules adsorbed onto HNTs surfaces that provide a partial
dehydration of PNIPAAM moieties already below LCST, thus
confirming data already existing in literature for PNIPAAM
grafted silica particles [53]. The larger AH decrease detected
for PNIPAAM-co-MA /HNT hybrid shows that the negative
copolymer undergoes a stronger dehydration effect upon
adsorption compared to that of positive PNIPAAM-NH,. These
results agree with the different site adsorption. The selective
interaction of PNIPAAM-co-MA with the positive HNT sur-
face generates both curvature and confining effects, which
promote the lateral interactions between the polymer molecules
and, consequently, the dehydration process before LCST. On
the other hand, the adsorption of PNIPAAM-NH, on the
negative external surface of halloysite determined a smaller
effect in favoring the lateral interactions between the polymer
chains.

A further evidence of the PNIPAAM dehydration
induced by temperature can be provided by proving the pre-
sence of hydrophobic microenvironments in the hybrid sys-
tems. To this purpose, pyrene can be used as a fluorescent
probe sensitive to the nature/polarity of the microenviron-
ment [54]. The emission spectrum of pyrene consists of five
bands. The ratio between the intensity of the first (373 nm)

Figure 6. SEM micrograph of PNIPAAM/HNT.

and the third (384 nm) vibration bands (I;/I5) depends on the
polarity of the medium being ca. 1.8 in aqueous solvents and
ca. 0.8 in hydrophobic solvents. Figure 5 displays the I,/I;
versus temperature trends for saturated aqueous solutions of
pyrene in presence of PNIPAAM-co-MA and PNIPAAM-co-
MA/HNT composite.

The pyrene/PNIPAAM-co-MA solution evidenced a
reduction of the I;/I; ratio (from ca. 1.7 to ca. 1.53) at ca.
35 °C because of the formation of hydrophobic microdomains
that promote the polymer dehydration process. In contrast, we
observed that /; /I; ratio constantly equals to ca. 1.52 in all the
investigated temperature range for the pyrene solution in
presence of PNIPAAM-co-MA/HNT hybrid. This trend
highlights that PNIPAAM-co-MA encapsulated within the
HNT lumen possesses a partially dehydrated state even below
the LCST confirming the calorimetric results.

3.2. Release kinetics of diclofenac from PNIPAAM/HNT
nanocarriers

Before recording release profiles, PNIPAAM/HNT hybrids
have been imaged by SEM. Micrograph reported in figure 6
shows HNTs randomly distributed, being the material pro-
cessed like powder. Moreover, it is interesting to observe that
tubular shape of halloysite and its characteristic lengths in the
hybrid nanomaterial were preserved.

The release kinetics of diclofenac loaded into PNI-
PAAM/HNT hybrids were studied at 25 °C and 50 °C (see
supporting information is available online at stacks.iop.org/
NANO/29/325702 /mmedia), which are below and above
the LCST value, respectively. On this basis, we estimated the
suitability of the functionalized HNTs as thermo-sensitive
drug delivery systems. Release experiments allowed to
determine the total amount of diclofenac adsorbed by the
PNIPAAM/HNT composites. We estimated that the drug
loadings are 4.7 and 5.3 mg g~ ' for PNIPAAM-co-MA /HNT
and PNIPAAM-NH, /HNT, respectively.
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The release profiles (figure 7) were fitted according to the
Korsmeyer—Peppas equation [55]

R%(t) = kt", ()

where R%(f) is the percent of diclofenac released at time ¢,
while k and n are the kinetics constant and the release
exponent, respectively. The fitting parameters are presented in
supporting information. The n value depends on the release
mechanism as well as on the specific geometry of the matrix.
We observed that n values are lower than 0.45 for all the
investigated systems indicating a quasi fickian diffusion for
both PNIPAAM-co-MA /HNT and PNIPAAM-NH,/HNT at
25°C and 50 °C.

Concerning the kinetics, we found that the specific site
adsorption of the charged PNIPAAM:s influences the release
properties of the hybrids. Below LCST, k value is larger
for PNIPAAM-co-MA/HNT with respect to that of
PNIPAAM-NH,/HNT composite (figure 7).

PNIPAAM-NH,/HNT carrier exhibited a faster release
kinetics at higher temperature (figure 7). Oppositely, the
diclofenac release from PNIPAAM-co-MA /HNT hybrid was
strongly slowed down by the temperature increase (figure 7)
in agreement with the confinement of the polymer within the
halloysite cavity. Namely, the hydrated PNIPAAM-co-MA at
25°C allows for a fast release of the drug from the lumen,
while at temperature > LCST, the polymer shrinking and
dehydration slow down the drug release determining a
reduction of the k value. This effect cannot be observed in the
composite nanocarrier based on HNT and PNIPAAM-NH; as
a consequence of the selective adsorption of the polymer on
the halloysite outer surface. Based on these results, we can
conclude that the release of diclofenac from PNIPAAMs/

HNT nanocarriers depends on their specific nanoarchitecture.
In particular, the drug release can be easily controlled by the
temperature using nanotubes modified with oppositely
charged PNIPAAMs.

4. Conclusions

Thermo-sensitive nanocarriers were prepared by selective
modification of halloysite (HNT) surfaces with oppositely
charged poly(N-isopropylacrylamide) (PNIPAAM) polymers.
Specifically, amine-terminated PNIPAAM (PNIPAAM-NH,)
and copolymer based on PNIPAAM and methacrylic acid
(PNIPAAM-co-MA) were selected. DLS and differential
scanning calorimetry highlighted that the specific PNI-
PAAM/HNT site interaction influences the structure and the
thermodynamics of the hybrid systems. The incorporation of
PNIPAAM-co-MA within the positive halloysite promoted
the lateral interactions between the polymer molecules
favoring the dehydration process, while the adsorption of
PNIPAAM-NH, on the HNT outer surface favored the for-
mation of aggregates as a consequence of hydrophobic
interactions. Fluorescence experiments confirmed the encap-
sulation of negatively charged PNIPAAM-co-MA inside the
halloysite lumen, which assumes a hydrophobic nature.
PNIPAAM/HNT hybrids were investigated as thermo-
responsive delivery systems for diclofenac. The drug release
kinetics was slowed down by temperature increase for PNI-
PAAM-co-MA /HNT composite because of the shrinking of
the polymer adsorbed inside the halloysite cavity. This effect
was not detected for the hybrid based on halloysite and
PNIPAAM-NH, according to the polymer adsorption on the
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HNT outer surface. Based on these results, we can conclude
that the specific site adsorption of PNIPAAMs/HNT hybrids
influences their thermo-responsive behavior in terms of
structural /thermodynamic properties. It should be noted that
the drug loading does not depend on the architecture while the
release kinetics and its temperature dependence is influenced
by the polymers. Definitely, the selective modification of
HNT with oppositely charged PNIPAAM polymers repre-
sents a reliable strategy to obtain advanced nanocarriers with
thermo-sensitive characteristics, which allow controlling the
effect of the temperature on the release kinetics of drugs.
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Abstract: In this work, we have developed a novel strategy to prepare hybrid nanostructures with
controlled release properties towards khellin by exploiting the electrostatic interactions between
chitosan and halloysite nanotubes (HNT). Firstly, khellin was loaded into the HNT lumen by the
vacuum-assisted procedure. The drug confinement within the halloysite cavity has been proved
by water contact angle experiments on the HNT/khellin tablets. Therefore, the loaded nanotubes
were coated with chitosan as a consequence of the attractions between the cationic biopolymer
and the halloysite outer surface, which is negatively charged in a wide pH range. The effect of
the ionic strength of the aqueous medium on the coating efficiency of the clay nanotubes was
investigated. The surface charge properties of HNT/khellin and chitosan/HNT/khellin nanomaterials
were determined by ( potential experiments, while their morphology was explored through Scanning
Electron Microscopy (SEM). Water contact angle experiments were conducted to explore the influence
of the chitosan coating on the hydrophilic/hydrophobic character of halloysite external surface.
Thermogravimetry (TG) experiments were conducted to study the thermal behavior of the composite
nanomaterials. The amounts of loaded khellin and coated chitosan in the hybrid nanostructures were
estimated by a quantitative analysis of the TG curves. The release kinetics of khellin were studied in
aqueous solvents at different pH conditions (acidic, neutral and basic) and the obtained data were
analyzed by the Korsmeyer-Peppas model. The release properties were interpreted on the basis
of the TG and ¢ potential results. In conclusion, this study demonstrates that halloysite nanotubes
wrapped by chitosan layers can be effective as drug delivery systems.

Keywords: chitosan; halloysite nanotubes; khellin; release properties; thermogravimetry

1. Introduction

In recent years, hybrid nanomaterials composed by biopolymers and inorganic nanoparticles have
attracted growing interest within several fields, including biomedicine [1-5], pharmaceutics [6-10],
food packaging [11-15], remediation [16,17] and cultural heritage [18-20]. As evidenced in a recent
review [21], both ionic and non-ionic polysaccharides can be suitable polymers for the development of
functional nanocomposites, with excellent performances in terms of thermal stability, barrier properties
and mechanical behavior. Among the polysaccharides, chitosan was largely employed because of its
chemical properties (such as hydrophobicity and pH sensitive features) as well as its antibacterial
capacity [22]. It should be noted that the properties and the consequent applications of chitosan
depend on both its molecular weight and the deacetylation degree [23]. Smart bionanocomposites
were obtained by filling the chitosan matrix with both synthetic and natural nanoparticles. Among
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synthetic fillers, metal nanoparticles (Cu, Ag and Au) were deposited on chitosan supports [24].
The microwave heating technique was employed to fabricate chitosan/ZnO nanoaparticle hybrids with
excellent removal capacity towards methylene blue [16], while the casting method was used to prepare
chitosan/CuO nanoparticles” composite films as H,S gas sensor membranes [25]. Multiwalled carbon
nanotubes (MWCNT) were added to chitosan hydrogel in order to obtain composite scaffolds for
sensing nitrofurantoin [2]. Concerning the natural fillers, nanoclays represent a green option to generate
hybrids based on chitosan. Composite films with antibacterial properties were obtained by filling
the chitosan/glycerol blend with several clay nanoparticles (bentonite, sepiolite and montmorillonite),
which possess different morphological characteristics [26]. Variable contents of nano-hydroxyapatite
were incorporated within the chitosan matrix to fabricate composite scaffolds with enhanced elasticity
and flexibility [27]. An injectable viscous mucus was achieved by adding rectorite clay nanoparticles
into chitosan [28]. Antibacterial and antioxidative films were prepared by mixing chitosan and
kaolinite nanosheets [29]. Moreover, the chitosan/kaolinite nanocomposites exhibited better mechanical
performances (in terms of tensile strength) with respect to those of the pristine biopolymer [29].
Recently, halloysite was largely investigated as a filler of chitosan in different phases, including
aqueous suspensions [21,30], hydrogels [6,17] and solid films [1,31]. Composite scaffolds for tissue
engineering purposes were obtained by filling chitosan with halloysite through the solution-mixing
and freeze-drying methods [31]. The prepared chitosan/halloysite composite exhibited improved
thermo-mechanical performances compared to those of pure chitosan [31]. Gel beads formed by
chitosan and halloysite were revealed to be efficient removal agents towards dyes [17] and proper drug
delivery systems for doxycycline [6]. Halloysite presents a hollow tubular shape with sizes dependent
on its geological source [14]. Halloysite nanotubes (HNTs) possess an average length of 1 um, while
the inner and outer diameters range between 5-70 and 20-150 nm, respectively [14]. Interestingly,
the pore volume of halloysite can be increased by acid treatment of its inner surface [32,33]. Due to
their morphological characteristics, halloysite nanotubes are efficient as catalytic supports [34-37],
adsorbents of pollutants [38,39] and nanocarriers for functional molecules with biological [40—45]
and chemical activities [46—49]. In this regards, it should be highlighted that halloysite is suitable
for biomedical and pharmaceutical applications because of its biocompatibility and low toxicity,
which was observed to both unicellular and multicellular organisms [50-54]. Interestingly, the
inside/outside surfaces of halloysite are oppositely charged within the pH interval between 2 and 8 [55].
This peculiarity was exploited for the targeted functionalization of halloysite nanotubes through
ionic molecules, such as polyelectrolytes [30,56], proteins [57,58] and surfactants [43,59]. Structural
investigations by electric birefringence and fluorescence correlation spectroscopy evidenced that the
cationic chitosan wraps the clay nanotubes as a consequence of its selective adsorption onto the negative
external surface of halloysite [56]. Here, we prepared a novel nanocarrier for khellin by exploiting
the electrostatic attractions of chitosan with the halloysite outer surface. The chitosan coating of the
nanoclay was designed to control the khellin release under variable pH conditions, which simulate
pharmaceutical applications. The release properties of the chitosan-coated nanotubes were correlated
to their morphology, surface charge characteristics and thermal behavior.

2. Materials and Methods

2.1. Materials

Halloysite nanotubes (HNT), chitosan (Mw = 50-190 kg mol~!, deacetylation degree 75-85%),
khellin (Mw = 260.24 g mol~!), acetone, glacial acetic acid, sodium sodium hydroxide and hydrochloric
acid (37% v/v) are Sigma Aldrich products (St. Louis, MO, USA). All products were used without any
further purification.
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2.2. Khellin Loading within Halloysite Cavity

Halloysite cavity was filled with khellin by using the procedure reported elsewhere for HNT/drug
composites [6]. Firstly, we prepared a khellin saturated solution in acetone. Then, we added halloysite
powder to the khellin solution in order to obtain a dispersion with HNT/khellin mass ratio equals to
1:1. The dispersion was ultrasonicated for 10 min and, subsequently, it was magnetically stirred for
24 h. Afterwards, the HNT/khellin suspension was kept under vacuum (p = 0.01 atm for 1 h) to favour
the encapsulation of the drug within the halloysite cavity as a consequence of the Gibbs-Thomson
effect [60]. The latter step was repeated three times in order to enhance the amount of khellin loaded
into halloysite nanotubes. According to the literature [61], the dispersion was magnetically stirred for
10 min between two consecutive vacuum steps. Finally, the HNT/khellin composite was separated by
centrifugation, which was conducted for 10 min at 7000 rpm. The solid material was rinsed with water
three times to remove the unbound khellin, and then dried under vacuum. All steps were carried out
at room temperature.

2.3. Chitosan Coating of Halloysite/Khellin Composite

The HNT/khellin composite was coated by chitosan, exploiting the electrostatic interactions
occurring between the cationic biopolymer and the halloysite outer surface, which possesses a negative
charge within a large pH interval (2-8) [55]. Firstly, chitosan was solubilized in 0.5 wt % acetic acid
solution by magnetically stirring for 2 h. The chitosan concentration was set at 1 wt %. The chitosan
solution was mixed with HNT aqueous dispersion (concentration equals 1 wt %). It should be
noted that the HNT dispersion was prepared in two different media (water and 0.5 mol L~! NaCl
aqueous solution) in order to explore the effect of the ionic strength on the chitosan-coating efficiency.
The obtained mixtures were ultrasonicated for 2 min and, subsequently, stirred for 30 min. Finally,
the chitosan/HNT/khellin composites were separated by the aqueous solution through centrifugation
(10 min at 7000 rpm). Similarly to the khellin loading into HNT cavity, all steps were performed at
room temperature.

2.4. Khellin Release Experiments

The kinetics of khellin release from HNT and chitosan-coated HNT nanocarriers were investigated
by UV-VIS spectroscopy (Analytik, Jena, Germany) using the approach reported elsewhere [61].
Specifically, 100 mg of the composite (HNT/khellin or chitosan/HNT/khellin samples) was immersed
in 30 mL of water (pH = 6), which represents the release medium. After a fixed time interval, 2 mL
of aqueous medium was taken and investigated by UV-Vis spectroscopy to determine the khellin
concentration. Meanwhile, 2 mL of fresh solution (water at pH = 6) was added to the release medium
in order to maintain its volume at a constant. The release experiments were conducted up to 5 h.
As V and V( were equal to 2 and 30 mL, respectively, the corrected khellin concentrations in the release
medium at different times were calculated as follows [61]

n—1
C'n = Cn+(V/V)- ) Ci )
i=0

where C'n and Cn represent the corrected and the measured khellin concentrations, respectively.
The khellin release data were determined by considering the C'n values.

2.5. Methods

2.5.1. { Potential

(-potential measurements were conducted by Zetasizer Nano-ZS (Malvern Instruments, London,
UK) using disposable folded capillary cells. The experiments were conducted on 0.005 wt %
aqueous dispersions of the investigated nanomaterials in isothermal conditions (T = 25 °C). Prior to
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the measurements, the suspensions were ultrasonicated for 5 min to avoid the aggregation of
the nanoparticles.

2.5.2. Scanning Electron Microscopy (SEM)

SEM analyses in high vacuum (<6 x 10~ Pa) were carried out through the ESEM FEI QUANTA
200F microscope (Hillsboro, OR, USA). The energy of the beam was set at 25 kV, while the working
distance was fixed at 10 mm.

2.5.3. Thermogravimetry

Thermogravimetric experiments were performed by using a Q5000 IR apparatus (TA Instruments,
New Castle, DE, USA). The measurements were conducted under inert atmosphere using nitrogen
flows for the sample and the balance (25 and 10 cm® min~!, respectively). The samples were heated
(scanning rate of 20 °C min~!) from 25 to 800 °C. According to the literature [62,63], the temperature
calibration was carried out by exploiting the Curie temperatures of specific standards (nickel, cobalt,
and their alloys). Thermogravimetric measurements were repeated three times for all the investigated
samples. The average values with the corresponding standard deviations for the thermogravimetric
parameters are presented.

2.5.4. UV-VIS Spectroscopy

UV-VIS spectra were registered by using the Specord S600 (Analytik, Jena, Germany)
spectrophotometer within the wavelength range between 200 and 400 nm. To this purpose,
quartz cuvettes were used. The khellin absorption peak at 250 nm was analyzed for the investigation
of the release kinetics.

2.5.5. Water Contact Angle

Water contact angle experiments were conducted by using an optical contact angle apparatus
(OCA 20, Data Physics Instruments, Filderstadt, Germany) equipped, with a video measuring system
with a high-resolution CCD camera and a high-performance digitizing adapter. Data acquisition
was conducted by SCA 20 software (Data Physics Instruments, Filderstadt, Germany). The initial
contact angle (0;) of water in air was detected through the sessile drop method by placing a water
droplet of 10 + 0.5 mL onto the surface of the sample tablets. The tests were performed at 25.0 = 0.1 °C.
Each sample was analyzed three times. The average values with the corresponding standard deviation
for the initial water contact angle are reported.

3. Results

3.1. Surface Charge and Morphological Characteristics

The surface charge of HNT/khellin and chitosan/HNT/khellin composite materials was investigated
by ( potential measurements. As shown in Table 1, the khellin loading into the HNT cavity did
not significantly alter the ¢ potential of halloyisite, avoiding any electrostatic interactions between
the drug and the internal surface of the clay nanotubes. This finding agrees with the hydrophobic
character of khellin, which is encapsulated within the HNT cavity as a consequence of the solvent
confinement [60]. The khellin confinement into the halloysite cavity was confirmed by water contact
angle experiments, which evidenced that the 0; values for HNT and HNT/khellin tablets are 30.5 + 1.1°
and 30.9 + 1.2°, respectively. These results indicate that the khellin loading did not alter the hydrophilic
character of the HNT outer surface, demonstrating that the hydrophobic drug is mostly confined to the
halloysite cavity.
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Table 1. ( potential for halloysite nanotubes (HNT), HNT/khellin and chitosan/HNT/khellin
composite materials.

Material ¢ Potential/mV
HNT -20.0 £ 0.6
HNT/khellin -215+0.3
Chitosan/HNT/khellin (NaCl) +23.5+0.8
Chitosan/HNT/khellin -185+04

As concerns the chitosan/HNT/khellin composites, we observed that the presence of NaCl strongly
affects the C potential of the polymer coated nanotubes. In particular, an inversion of C potential
(from negative to positive) was detected after the chitosan coating was conducted in NaCl aqueous
solution. On this basis, we can assert that electrostatic attrations between cationic chitosan and the HNT
outer surface (negatively charged) take place. As reported for alkyltrimetilammonium bromides/HNT
hybrids [43], the effective adosrption of cationic molecules neutralizes the negative charges of the HNT
shell, causing an inversion in the C potential. In contrast, the coating procedure in water generated a
slight decrease in the HNT surface charge. These results highlighted that the chitosan coating efficiency
is remarkably improved in aquoeus medium with higher ionic strength. The chitosan coating generated
the hydrophobization of the HNT outer surface, as evidenced by the significant enhancements of
the 0; values (75 + 2° and 80 + 3° in water and NaCl solution, respectively) compared to that of the
HNT/khellin composite (30.9 + 1.2°). In this regard, Lvov et al. [64] evidenced that the addition of small
amounts of electrolyte is used in the layer by layer technique because of the “rod-to-coil” transition of
polyelectrolytes in solution. Additionally, it is reported that the increase in the ionic strength enhances
the chitosan flexibility [65].

SEM images (Figure 1) show that the hollow tubular morphology of halloysite was preserved in
both HNT/khellin and chitosan/HNT/khellin hybrid prepared in NaCl solution. We observed that the
nanotubes are glued to each other after their coating with chitosan.

Figure 1. SEM images for HNT/khellin (a) and HNT/khellin coated with chitosan in NaCl solution (b).
3.2. Thermal Properties

3.2.1. HNT/Khellin

Figure 2 compares the thermogravimetric (TG) curve of HNT/khellin hybrid with those of the
pristine components (HNT and khellin).
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Figure 2. Thermogravimetric curves for Khellin, HNT and HNT/Khellin.

We observed that khellin totally decomposes in one single step occurring in the temperature range
between 200 and 300 °C, while both HNT and HNT/khellin exhibit three different mass losses at 25-150,
200-300 and 450-550 °C. As reported elsewhere [66], the mass reduction from room temperature to
150 °C reflects the loss of the physically adsorbed water molecules. On the other hand, the mass
change at 450-550 °C can be attributed to the expulsion of the interlayer water molecules that are
present in the structure of halloysite mineral [66]. The mass change at 200-300 °C was enhanced in the
loaded nanotubes, highlighting the successful khellin loading into the HNT cavity. According to the
literature [60], we calculated the loading efficiency by considering the mass losses at 25-150 °C (ML50)
and the residual masses at 800 °C (MRggg) for the pure components and the composite material. Table 2
collects the MLj59 and MRggg values of khellin, HNT and HNT/khellin samples.

Table 2. Thermogravimetric parameters of Khellin, HNT and HNT/Khellin composite.

Material ML150/wWt % MRggo/wt % MDyggo/wt %
Khellin 0 0 100
HNT 2.93 +0.04 814 +1.2 157 +0.2
HNT/khellin 3.27+ 0.04 80.2 +1.1 16.5+ 0.2

The degraded matters at 800 °C (MDggg) for each sample was determined as
MDggp =100 — (MRgop + ML150) 2)

Based on the rule of mixture [60], the MDgyy of HNT/khellin composite (MDggo.xr1) can be
expressed as

MDgpo-1K = (Cr - MDggo-5 + Ck - MDgo-x)/100 3)

where MDggo.x and MDgg.1 are the degraded matters at 800 °C for khellin and HNT, respectively,
whereas Cx and Cyg represent the mass percentages of halloysite and khellin, respectively.

The combination of Equations (2) and (3) allowed us to estimate the khellin loading (1.03 + 0.02 wt %)
in the composite material on the basis of the thermogravimetric parameters presented in Table 2.



Polymers 2020, 12, 1766

3.2.2. Chitosan/HNT/Khellin

7 of 15

The thermal effects of the chitosan coating on the khellin loaded nanotubes were
investigated by thermogravimetry. Within this, Figure 3 shows the TG curves for chitosan and
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Figure 3. Thermogravimetric curves for chitosan and chitosan/HNT/khellin samples.

The TG curve of chitosan evidenced three mass losses that can be related to different processes.
As reported in the previous paragraph, the mass reduction up to 150 °C reflects the moisture content of
the material. The mass loss at 250-400 °C is due to the depolymerisation/decomposition of chitosan

chains as a consequence of the deacetylation and cleavage of glycosidic bonds [67]. The last degradation
step is caused by the decomposition of pyranose ring and residual carbon [68]. The corresponding
mass loss was detected in the temperature interval between 400 and 700 °C. The thermogravimetric
curves of the chitosan/HNT/khellin composites (Figure 3) evidenced that the presence of NaCl strongly
affects the thermal behavior of the polymer coated nanotubes. As shown in Table 3, the MRgg value is
much larger for the composite prepared with the electrolyte, highlighting its larger thermal stability.

Table 3. Thermogravimetric parameters of Chitosan and Chitosan/HNT/Khellin samples.

Material ML150/Wt % MRs()()/Wt % MDgoo/Wt %
Chitosan 11.3+0.2 0 88.7+1.5
Chitosan/HNT/Khellin (NaCl) 2.88 +0.03 57.9 £ 0.6 33.2+03
Chitosan/HNT/Khellin 211 +£0.03 79.6 +0.9 182 +0.3
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Interestingly, the last degradation step of chitosan was clearly detected only for the composite
prepared in the NaCl aqueous solution. This result could be quantitatively explained on the basis
of ¢ potential experiments, which highlighted that the chitosan-coating efficiency can be enhanced
by increasing the ionic strength of the aqueous medium. In addition, we observed that the thermal
decomposition of the pyranose ring and residual carbon is shifted to a larger temperature range,
indicating that chitosan was thermally stabilized by its electrostatic interactions with the halloysite
external surface. We calculated the chitosan coating efficiencies by using the rule of mixtures on
the degraded masses at 800 °C, using the same approach employed for the determination of the
khellin loading. Accordingly, the MDgq of chitosan/HNT/khellin (MDggo.cHk) can be expressed by the
following equation:

MDggo-crk = (Crk - MDgpo-ax + Cc - MDgpo-¢)/100 4)

MDgg-c represents the degraded mass at 800 °C of chitosan, while C¢ represents its mass percent
in the coated nanotubes.

Based on Equations (2) and (4) and taking into account the thermogravimetric parameters
(Table 3), we estimated that the biopolymer amount in the chitosan/HNT/khellin prepared in water is
2.38 + 0.03 wt %. The coating efficiency was significantly improved by dispersing chitosan in NaCl
aqueous solution and water, as evidenced by the biopolymer content (31.4 + 0.3 wt %) of the coated
nanotubes. These results could be related to the effect of the electrolyte on the chitosan chains’ flexibility.

3.3. Khellin Release Experiments

The effect of the chitosan coating on the khellin release from halloysite nanotubes was investigated
at variable pH conditions. Figure 4 shows the khellin release kinetics under neutral conditions for
HNT and HNT coated with chitosan. As a general result, the adsorption of chitosan onto the HNT
outer surface slowed down the khellin release from the halloysite cavity. In this regard, the amount
of khellin released after 6 h was 78% for uncoated nanotubes. This percentage was reduced in the
chitosan/HNT nanocarriers (62 and 28% for the composites prepared in water and NaCl solution,
respectively). These results are consistent with the ¢ potential and TGA experiments, which evidenced
that the presence of electrolyte improved the chitosan-coating efficiency of the nanotubes. Namely,
the nanotubes coated in the NaCl solution are more effective in controlling the khellin release because
of the larger amount of chitosan on the HNT shell. The khellin release profiles were analyzed using the
Korsmeyer—Peppas model, which is expressed by the following equation

R% = kt" (5)

where R% is the drug percentage release at a certain time (t), while k and 7 are the kinetic constant
and the release exponent, respectively. It should be noted that this equation is valid for R% < 80%,
as evidenced for drug release from polymer/HNT hybrids [43]. The obtained fitting parameters are
presented in Table 4. Compared to the HNT-based carrier, the kinetic contact was reduced in the coated
nanotubes, confirming the chitosan-retarding effect on the the drug release. As expected, this effect
is stronger for the coated nanotubes obtained in the NaCl aqueous solution. In general, the release
data reflect a Fickian diffusion mechanism being that the n values are lower than 0.43 for all the
nanocarriers [43].
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Figure 4. Khellin release as a function of time in water under neutral conditions (pH = 7). Solid lines
represent the fitting according to the Korsmeyer-Peppas model (Equation (5)).

Table 4. Fitting Parameters for khellin release at pH = 7.

Nanocarrier k/min—" n
HNT 4546 +1.14 0.092 + 0.006
Chitosan/HNT (NaCl) 21.6 £0.5 0.052 + 0.006
Chitosan/HNT 317+ 1.6 0.12 £ 0.01

We explored the influence of pH on the khellin release from chitosan/HNT hybrid carriers
(Figure 5). As previously shown in Figure 4, the release data were fitted by using Equation (5). Table 5
shows that the chitosan retarding effect was reduced under acidic conditions, as evidenced by the
lower k values with respect to those obtained at pH = 9. These results can be attributed to the enhanced
chitosan solubility in water at pH < 4 [69]. As observed at pH = 7, the khellin release is slower for
the nanotubes coated in NaCl solution. This finding is valid for both basic and acidic conditions.
Finally, the n values (<0.43) highlight that the release mechanism for all the investigated systems can
be ascribed to the Fickian diffusion.
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Figure 5. Khellin release as a function of time in water under acidic (pH = 4) and basic (pH = 9)
conditions. Solid lines represent the fitting according to the Korsmeyer-Peppas model (Equation (5)).

Table 5. Fitting parameters for khellin release under acidic (pH = 4) and basic (pH = 9) conditions.

Nanocarrier pH k/min—" n
Chitosan/HNT (NaCl) 4 272+11 0.112 + 0.009
Chitosan/HNT (NaCl) 9 172+1.9 0.09 + 0.02

Chitosan/HNT 4 316 +1.1 0.141 + 0.007
Chitosan/HNT 9 23+2 0.08 +0.02

4. Discussion

The application value of chitosan/HNT hybrid as nanocarrier for khellin was highlighted by the
release experiments conducted at variable pH simulating the typical conditions along the human
gastro-intestinal path, which moves from acidic (stomach) to basic (colon) conditions. Within this,
it should be pointed out that khellin is largely used by oral administration. As a general result,
the release kinetics were successfully analyzed by the Korsmeyer—Peppas model. The release
mechanism (Fickian diffusion) was not affected by either pH or chitosan coating, with the release
exponent (1) being <0.43 for all the kinetics (Tables 4 and 5). We observed that the chitosan coated onto
the nanotubes in NaCl solution is more effective in controlling the khellin release compared to those
without NaCl. This observation is valid at pH = 7 (Figure 4) as well under acidic/basic conditions
(Figure 5). These results could be related to the larger amount of coated chitosan onto the nanotubes
in NaCl solution with respect to that in water as a consequence of the influence of the electrolyte on
the flexibility of the polymeric chains. Specifically, the increase in the solvent ionic strength makes
chitosan more flexible in agreement with the reduction in the repulsive interactions between the
polymeric chains [65]. We can hypothesize that the chitosan coating layer onto HNT is thicker in
NaCl solution and, consequently, the controlling efficiency on the khellin release is more effective. As
shown in Figures 4 and 5, the final drug release is lower than 100% for all the investigated systems in
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acidic, neutral and basic conditions. Similar observations were detected for the aspirin release from
pristine and APTES modified halloysite, which exhibited final drug releases of 89 and 68%, respectively,
at pH = 6.8 [70]. The final curcumin releases from thiahelicene-grafted HNT were ca. 10 and 3% at
pH =5 and 6.8, respectively [71]. Recent reviews [40,72] evidenced that halloysite nanotubes (both
pristine and functionalized ones) are considered promising drug delivery systems, although the 100%
release is not achieved.

5. Conclusions

We demonstrated that the specific electrostatic attractions between halloysite outer surface and
the cationic chitosan are effective to obtain composite tubular nanocarriers with controlled release
properties towards khellin. The preparation of the chitosan/halloysite/khellin hybrid was conducted
in aqueous medium on the basis of the following steps: (1) loading of khellin into the halloysite
cavity; (2) chitosan coating of halloysite shell. The latter was carried out both in water and in NaCl
aqueous medium to explore the effect of the ionic strength on the polymer coating efficiency. Scanning
Electron Microscopy evidenced that the hollow tubular shape of halloysite was not altered by the
khellin loading or the chitosan coating. The ¢ potential of halloysite was not significantly affected by
the encapsulated khellin (1.03 wt %), avoiding the presence of electrostatic interactions between the
drug molecule and the nanotubes. In contrast, the surface charge of halloysite was influenced by the
chitosan coating. Remarkably, an inversion in the halloysite ¢ potential was detected by the chitosan
wrapping conducted in NaCl solution, highlighting that the biopolymer/nanoclay interactions are
favored by the electrolyte addition. According to these results, the coating efficiency was improved
by ca. 10% in NaCl solution compared to that in water. Water contact angle experiments evidenced
that the hydrophilic character of halloysite is not affected by khellin loading, confirming the drug’s
confinement into the HNT cavity. On the other hand, the chitosan coating generated a significant
hydrophobization of HNT/khellin composite as a consequence of the biopolymer adsorption onto the
HNT shell. The presence of chitosan onto halloysite outer surface slowed down the khellin release.
This effect is stronger for chitosan-coated nanotubes prepared in NaCl solution, as expected by ¢
potential and thermogravimetric data. Release kinetics at variable pH evidenced that the chitosan
retarding effect decreases under acidic conditions. Based on these considerations, we can conclude
that the chitosan coating of halloysite nanotubes driven by electrostatic interactions can be considered
a suitable strategy to obtain drug delivery systems with tunable properties.
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Abstract: The use of nanocomposites based on biopolymers and nanoparticles for controlled drug
release is an attractive notion. We used halloysite nanotubes that were promising candidates for
the loading and release of active molecules due to their hollow cavity. Gel beads based on chitosan
with uniformly dispersed halloysite nanotubes were obtained by a dropping method. Alginate was
used to generate a coating layer over the hybrid gel beads. This proposed procedure succeeded in
controlling the morphology at the mesoscale and it had a relevant effect on the release profile of the
model drug from the nanotube cavity.

Keywords: halloysite; alginate; chitosan; gel beads; drug release

1. Introduction

Researchers have defined hydrogels in many different ways, but nowadays the most accepted
definition is the existence of a three-dimensional network, formed by the cross-linking of polymeric
chains, that possesses the capability to swell thanks to the presence of hydrophilic groups and to
maintain a very high amount of water in its structure [1,2]. Since their discovery, hydrogels have
received attention from the scientific community due to the wide range of applications they can be
used for: Environmental issues like water remediation, drug delivery systems and tissue engineering,
cosmetic and food packaging industry, and oil spill recovery [3-8]. Furthermore, with the evolution of
nanotechnology, the challenge to design and prepare hydrogels with specific and requested features
at the nano-scale led to the development of nanohydrogels. Among the different polymeric species
that can be used to achieve this aim, polysaccharides cover a marked importance, especially in the
preparation of the so-called “polysaccharide-based natural hydrogels”, for some of their most peculiar
properties such as water solubility and swelling capacity, biocompatibility and biodegradability,
self-healing and pH sensitivity that are crucial for their use [9,10]. Moreover, the possibility to modify
the structure of the polysaccharides and the adaptability of their networks allows for the development
of eco-friendly smart materials [11,12]. To date, the most widely used raw materials include natural
biopolymers such as chitosan, alginate, pectin and cellulose. One of the major factors limiting the
use of nanohydrogels is their structural instability, thus making necessary the use, among others,
of inorganic nanoparticles to overcome them [13-16].
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Among clays, halloysite nanotubes (HNTs) have great importance thanks to their own main
characteristics [17]. HNTs are a naturally occurring alumino-silicate whose structural formula is
Al»Si,05(0OH)4 - nH,O, where Al is disposed in an gibbsite-like octahedral organization of AI-OH
groups whereas Si-O groups form a tetrahedral sheet [18,19]. Both aluminols and siloxanes layers are
overlapped in a kaolinite typical sheet that rolls up due to some structural defects and to the presence
of water molecules, thus giving halloysite its peculiar narrow nanotubular structure [20-22].

HNTs dimensions depend on the natural deposit the clay is extracted from. In particular,
the internal and external diameters are approximately 10-15 and 50-80 nm respectively, while the
nanotubes length can range from 100 nm to 2 um. [19] Interestingly, it is possible to classify halloysite
by considering the distance between interlayers. For instance, it can be 7 or 10 A depending on the
number of water molecules present between the layers, which is namely 0 or 2, respectively [23,24].
Moreover, one of halloysite’s most fascinating and important features is the different charge, in the pH
interval from 3 to 8, between the outer surface that is mainly composed of 5i-O groups and negatively
charged, and the inner surface that is mainly composed of AI-OH and positively charged [25,26].
This different charge, due to the chemical composition, allows for selective functionalization, exploiting
both the covalent and electrostatic interactions of each surface with other oppositely charged species:
Drug molecules, polysaccharides, proteins, lipids, surfactants and so on [27-29]. All these features,
and also considering that they are low cost, eco- and biocompatible materials [30], make HNTs suitable
for designing hybrid materials for waste water remediation [31-35], cultural heritage treatment [36,37],
biotechnological applications [38—44], and packaging [45-50].

Notably, halloysite is commonly used as a component in drug delivery systems through exploiting
its characteristics in combination with other organic moieties, for example the temperature responsive
polymers such as poly(N-isopropylacrylamide) (PNIPAAMs) that can selectively interact with the
inner/outer surfaces thus influencing the release kinetics by changing their adsorption site [51],
or natural occurring biopolymers for the preparation of end capped nanotubes with smart gates,
or reverse inorganic micelles for the formation of nanohydrogels inside the HNTs lumen for a triggered
absorption or release [52,53].

As evidenced in a recent review [17], the combination of polymer hydrogels and hollow
inorganic nanotubes represents a perspective strategy for the fabrication of functional carriers in
an advanced application.

In this work, we prepared hydrogel beads based on chitosan containing halloysite nanotubes.
An alginate layer was introduced by diffusion and immersion of the beads in a sodium alginate solution.
The dispersion of nanotubes into the hybrid gel and the localization of the alginate was investigated by
SEM and fluorescence microscopy. Doxycycline, an antibiotic of the tetracycline class, was used as the
model drug and it was loaded into the halloysite cavity by using a literature protocol [54]. This work
represents a promising step for a valid alternative to generate hybrid hydrogels with oppositely
charged polysaccharides and nanoclay with specific morphology for controlled drug release.

2. Results and Discussion

2.1. Morphology of the Hybrid Gel Beads

Figure 1 shows the optical image of the prepared chitosan/HNTs gel beads covered with a
calcium alginate layer. They had an average diameter of 3.5 mm that shrinked to 0.8 mm when
dried. To highlight the halloysite nanotubes distribution in the beads, SEM images were taken
and they showed the presence of halloysite nanotubes in a random orientation within the polymer
matrix (Figure 1). Similar findings have been reported by us for alginate/halloysite gel beads [55].
The dispersibility of the nanoparticles could be explained by the affinity between the polymer and
halloysite and the colloidal stability of the nanoclay in polymer solution [56]. It should be noted that
the halloysite cavity did not interact with the chitosan polycation as the inner surface of the nanotubes
was positively charged [26]. Therefore, the HNTs lumen was preserved for drug loading.
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(b)

Figure 1. (a) Optical image of wet alginate/chitosan/halloysite nanotubes (HNTs) gel beads and
(b) SEM image of the inner part of the dried gel beads.

Neither optical nor SEM imaging were able to identify the alginate location in the beads.
We therefore thought to label the alginate polymer with a fluorescent probe 5-(4,6-dichlorotriazinyl)
aminofluorescein (DTAF) that showed fluorescent emission when exited at 490 nm. Firstly, a blank
experiment on chitosan/halloysite gel beads was carried out and negligible fluorescence was observed.
The laser scanning confocal microscopy images on chitosan/HNTs gel beads covered with a calcium
alginate layer clearly showed a fluorescent layer with an average thickness of approximately 130 pm,
revealing that the diffusion of alginate into the chitosan/halloysite gel beads occurred up to a certain
extent and the core of the beads was alginate free (Figure 2). On this basis, one could conclude that the
simple preparation protocol allowed us to prepare a controlled complex architecture in mesoscopic
scale that might be suitable for sustained release of active substances.

Figure 2. Laser scanning confocal microscopy images of alginate/chitosan/HNTs gel beads. Note that
Alginate was labelled with 5-(4,6-dichlorotriazinyl) aminofluorescein (DTAF).

2.2. Drug Release Experiments

Release experiments were carried out by using doxycycline chlorohydrate as a model drug that
could be loaded into the halloysite nanotubes [54]. The pK value for the drug was approximately 3
and the solubility dropped down as soon as the non-ionic form was obtained at pH > pK. Therefore,
under our experimental conditions the drug was always neutral. The release profiles in water are
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provided in Figure 3 for doxycycline from halloysite nanotubes, chitosan/HNTs dried beads and
alginate/chitosan/HNTs dried beads. It was clearly observed that halloysite incorporation into
chitosan gel beds only slightly slowed down the drug release from being fully available in the solvent
media in 20 min. The sustained release was due to the slow release of the drug from the nanotube
cavity and the subsequent drug diffusion through the polymer matrix to the solvent. The presence of an
alginate coating significantly slowed down the doxycycline release from the hybrid beads. In particular
after 20 min only 50% of the drug was released into the solvent media while a full release occurs
in more than 80 min. These results could be interpreted by considering that the alginate shell in
combination with the oppositely charged chitosan could generate a highly viscous layer that further
delayed the drug diffusion from the beads to the solvent.
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Figure 3. (a) Doxycycline chlorohydrate release as a function of time for different carriers. (b) Sketch
view of the different release systems.

3. Materials and Methods

3.1. Materials

Halloysite, acetic acid, sodium hydroxide, ethylenediaminetetraacetic acid and DTAF, sodium
alginate (M, = 70-100 kg mol~!), and chitosan (M,, = 50-190 kg mol~!) were Sigma products.
Doxycycline chlorohydrate (CyyHp4NoOgeHCl, M, =480.90 kg mol 1) was from Alfa Aesar. Halloysite
characterization was reported in our recent publication [19].

3.2. HNTs Loading with Doxycycline Chlorohydrate

The drug loading into HNTs cavity was carried out by using a procedure well eshtablished in
literature [54]. Briefly, 0.5 g of doxycycline chlorohydrate was mixed with 2 g of HNTs in 20 cm® of water.
The dispersion was kept under vacuum for 30 min. This procedure was repeated three times before
centrifugation at 8000 rpm for 20 min to separate the loaded HNTs from the supernatant. The loaded
HNTs were rinsed with water and the drug loading of 4.2 wt % was determined by thermogravimetry.
The experimental thermogravimetric curves are provided in Supplementary Material. The method
used for drug loading calculation was detailed elsewhere [57].

3.3. Preparation of Gel Beds

The chitosan based gel beads were prepared by using the dropping technique [58]. Chitosan
(2 wt %) was dissolved in water containing 0.5 wt % of acetic acid. A peristaltic pump was used to
drop the chitosan solution into an aqueous solution of NaOH 1.5 M. The needle diameter was 0.4 mm
and the distance from the needle to the liquid surface was 2 cm. The obtained gel beads stood in the
NaOH solution overnight, and afterwards they were rinsed with water three times. The preparation
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of the hybrid HNTs/Chitosan gel beads was carried out by using the same methodology. In this
case, HNTs loaded with doxycycline chlorohydrate were dispersed into the chitosan solution with a
polymer: HNTs weight ratio of 1:1. Some of the beads were in contact with a sodium alginate solution
(2 wt %) for 10 mins and then with CaCl, 0.1 M to cross-link the alginate polymer. Beads were dried
out at 40 °C overnight.

3.4. Doxycycline Chlorohydrate Release Experiments

The release profiles in water were determined by measuring UV-VIS spectra in a quartz cuvettes
without stirring. In particular, one dried bead or the equivalent amount of loaded HNTs was weighted
and directly placed into a cuvette. An amount of 2 cm? of distilled water was added and the spectra
was recorded for 200 min.

3.5. Synthesis of DTAF Labeled Sodium Alginate

Alginate fluorescent labelling was carried out following the literature [59]. Sodium alginate
(10 mg cm %) was solubilized in sodium bicarbonate (50 mM) and 1.0 M NaOH was used to adjust the
pH to 9. DTAF (concentration of 10 mg mL~! in dimethyl sulfoxide) was added at room temperature
with an alginate: DTAF solutions volume ratio of 1:0.4. After one night of stirring, the mixture was
dialysed in a 10 kDa cut-off dialysis tubing against phosphate-buffered saline (PBS) until the DTAF
was not detected in the dialysate by UV at 490 nm.

3.6. Experimental Methods

UV-VIS spectra of doxycycline chlorohydrate were recorded by a Specord S600 (Analytik, Jena,
Germany). Doxicycline chlorohydrate in water had a peak at 362 nm with an extinction coefficient
of 23.6 + 0.3 cm® mg~!. SEM images were obtained by using a microscope ESEM FEI QUANTA
200F (FEI, Hillsboro, OR, USA) in high vacuum mode (<6 x 104 Pa). Before each SEM experiment,
the surface of the sample was coated with gold in argon by means of an Edwards Sputter Coater
S150A (Edwards Lifesciences, Milan, Italy) to avoid charging under an electron beam. Laser scanning
confocal microscopy images were obtained using a LSM 780 instrument (Carl Zeiss, Jena, Germany)
equipped with apochromatic 20 x and 40x objectives and argon laser (488 nm). Images were processed
using ZEN Black software (Carl Zeiss Microlmaging GmbH, Géttingen, Germany). Thermogravimetry
(TG) measurements were performed by means of a Q5000 IR apparatus (TA Instruments, Milan, Italy)
under nitrogen flows of 25 and 10 cm® min~! for the sample and the balance, respectively. The sample
(approximately 3 mg) was heated from room temperature to 700 °C at 10 °C min~!. Calibration was
carried out by following the procedure reported in literature [60].

4. Conclusions

In summary, we prepared hybrid gel beads with a chitosan rich core and an alginate rich shell
containing halloysite nanotubes. The clay nanoparticles were loaded with a model drug and showed
a good dispersion within the beads. The kinetics of the drug release was controlled by a core/shell
structure. This work opens new perspectives into the preparation of hybrid biopolymer/nanoclay
structures for drug delivery applications, and proposes a new strategy for obtaining tuned drug release.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/9/2/70/s1,
Figure S1: Thermogravimetric curves for HNTs loaded with Doxycycline chlorohydrate and their pure components
(HNTs and Doxycycline chlorohydrate).
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Abstract: We investigated the efficacy of several nanoclays (halloysite, sepiolite and laponite) as
nanofillers for Mater-Bi, which is a commercial bioplastic extensively used within food packaging
applications. The preparation of Mater-Bi/nanoclay nanocomposite films was easily achieved by
means of the solvent casting method from dichloroethane. The prepared bio-nanocomposites
were characterized by dynamic mechanical analysis (DMA) in order to explore the effect of the
addition of the nanoclays on the mechanical behavior of the Mater-Bi-based films. Tensile tests found
that filling Mater-Bi with halloysite induced the most significant improvement of the mechanical
performances under traction force, while DMA measurements under the oscillatory regime showed
that the polymer glass transition was not affected by the addition of the nanoclay. The tensile
properties of the Mater-Bi/halloysite nanotube (HNT) films were competitive compared to those of
traditional petroleum plastics in terms of the elastic modulus and stress at the breaking point. Both the
mechanical response to the temperature and the tensile properties make the bio-nanocomposites
appropriate for food packaging and smart coating purposes. Here, we report a preliminary study of
the development of sustainable hybrid materials that could be employed in numerous industrial and
technological applications within materials science and pharmaceutics.

Keywords: halloysite; sepiolite; laponite; nanoclays; Mater-Bi; bio-nanocomposites; mechanical
performance

1. Introduction

Recently, eco-compatible polymers have been extensively investigated as potential alternatives
to traditional plastics for several purposes within the packaging [1,2], biotechnology [3-5] and
engineering [6-8] fields. The industrial use of biopolymers can be limited by their low barrier
properties [9], thermal instability [10] and moderate mechanical behavior [11]. The addition of
inorganic fillers to the biopolymer matrix represents an efficient strategy to fabricate composite
materials with improved performance, which are suitable for numerous technological applications [11].
Ruiz-Hitzky et al. [12] highlighted that the filling of the polymeric matrix with clay nanoparticles
enhanced the thermal and mechanical characteristics of pure polymers. Generally, the polymer/filler
interactions can be favored by the high surface/volume ratio of the nanoclays, promoting an
improvement of the mesoscopic properties of the nanocomposites [13]. The filling of polymers
can be carried out using nanoclays with a variable shape, such sepiolite nanofibers [14], laponite
nanodisks [15,16] and halloysite nanotubes [17,18]. The barrier properties of polylactic acid
(PLA)-based films were improved by the addition of halloysite nanotubes (HNTs), allowing us
to obtain hybrid materials useful for packaging [9]. The performance of the films was strongly
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dependent on the mesoscopic structure of the nanocomposites [18,19]. As a general consideration,
the uniform distribution of the nanoparticles within the matrix determined the thermal stabilization
of the polymers, because the filler acted as a barrier towards the volatile products generated by the
polymer degradation [18,20]. Additionally, nanocomposites with a homogeneous morphology possess
an improved mechanical resistance to tensile stress as a consequence of the adhesion of the polymers
to the filler surface [21]. The literature [22,23] reports that composite films with a multilayer structure
present peculiar characteristics. Flame retardant action was detected in multilayer nanocomposites
formed by a middle clay layer sandwiched between the polymer [22]. As an example, a middle layer
of montmorillonite between the alginate allowed the fabrication of multilayer bio-nanocomposite
films with fire-shielding properties [16]. Recently, we proposed a sequential casting procedure to
prepare flame-retardant films obtained by the confinement of HNTs between chitosan layers [22].
Among the nanoclays, halloysite represents an emerging filler with excellent properties in terms of
the morphology and surface properties [24,25]. The peculiar tubular shape of halloysite is due to the
rolling of flat kaolinite sheets [26,27]. The length of the HNTs ranged from 50 to 1500 nm, while the
external and internal diameters ranged from 20-150 and 10-15 nm, respectively [27]. It should be
noted that the polydispersity of the HNT sizes is affected by their geological deposit, as evidenced
by microscopies [28] and neutron scattering [29] investigations. Interestingly, the halloysite surfaces
exhibited opposite charges in a wide pH range (between 2 and 8) that can be attributed to their
different chemistry, being that the shell and the lumen are composed of SiO, and Al,O3 groups,
respectively [30]. As proved by both in vitro and in vivo tests [31-34], HNTs can be considered
to be biocompatible nanomaterials with a low toxicity effect. Accordingly, halloysite is suitable
for biomedical and pharmaceutical applications as a nanocarrier for the controlled delivery of
drugs [35-37]. HNTs have been successfully used as reinforcing nanofillers for several biopolymers,
such as chitosan [22,38,39], cellulose ethers [18], pectin [17,21,40] and alginate [18]. The different HNT
surface charge influences the properties of the bio-nanocomposites due to the specific electrostatic
interactions occurring between ionic biopolymers and halloysite interfaces [18]. Anionic biopolymers
are thermally stabilized due to their encapsulation within the HNT cavity as has been observed
for nanocomposites based on alginate [18] and pectin [21]. Contrary to these results, the thermal
stabilization effect was not observed for chitosan/HNT hybrid films where the biopolymer was
adsorbed onto the halloysite external surface [18]. Sepiolite (5i1,MggO3z0(OH)4(OHj;)4-8H,O) presents
a nanofiber morphology with an average length between 1 and 2 um and a diameter in the nanometric
range (20-30 nm) [14]. Sepiolite nanofibers were used as nanofillers for poly (methyl methacrylate),
improving both the thermal stability and the mechanical performance of the polymer [41]. Laponite
(Sig(Mgs.45Li9.4)O20(OH)sNag 7) possesses a disk-like shape with a diameter of ca. 25 nm and a
thickness of 1 nm. Laponite nanodisks were filled with pectins, generating biofilms with moderate
tensile properties [16]. Recently, nanocomposites based on poly (ethylene glycol) (PEG) silane and
laponite were investigated as transparent non-fouling surfaces [42]. In this communication, we report
the preparation and mechanical characterization of Mater Bi/nanoclay nanocomposite films with
variable filler contents. Sepiolite nanofibers, laponite nanodisks and halloysite nanotubes were selected
as the inorganic nanofillers. Dynamic mechanical analysis (DMA) provided the tensile properties
as well as the thermo-mechanical behavior of the prepared films. The experimental data showed
that filling Mater-Bi with halloysite allowed the fabrication of biocomposite films with promising
mechanical performance for food packaging applications.

2. Results and Discussion

2.1. Tensile Properties of Mater-Bi/Nanoclay Composite Film

Figure 1 shows the stress—strain curves of pure Mater-Bi and the bio-nanocomposites with a
nanoclay content of 30 wt %.
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Figure 1. Stress—strain curves of Mater-Bi, Mater-Bi/ halloysite nanotubes (HNTs), Mater-Bi/sepiolite
and Mater-Bi/laponite. The nanoclay content for the bio-nanocomposites was fixed at 30 wt %.

The analysis of the stress—strain profiles allowed us to determine a complete description of the
tensile behavior of the prepared biofilms in terms of the elastic modulus, yielding and breaking points.
The tensile data were collected in Table 1.

Table 1. Tensile properties of Mater-Bi and Mater-Bi/nanoclay films.

. Stress at Elongation at Stress at Elongation at
. Elastic N A . .

Film Modulus/MPa Yielding Yielding Breaking Breaking

Point/MPa Point/% Point/MPa Point/%
Mater-Bi 3243 38+05 154 £1.8 50+£0.6 57+ 6
Mater-Bi/HNTs 109 £8 28+04 46 £05 3.8+05 12+£2
Mater-Bi/Sepiolite 79+7 34+04 6.3+ 0.6 53£0.6 636
Mater-Bi/Laponite 38+ 4 1.98 +£0.19 71406 26+04 20+2

According to the literature results for the pectin/nanoclay nanocomposites [16], we observed that
the nanofiller morphology affected the tensile characteristics of the hybrid biofilms. As a general result,
the nanoclay addition generated an improvement in the film rigidity, as evidenced by the variations of
the elastic modulus. This effect was significant for the Mater-Bi/HNT and Mater-Bi/sepiolite films,
which showed relevant increases in the elastic modulus compared to that of the pure polymer (240%
and 146%, respectively). On the other hand, the influence of the laponite nanodisks was negligible.
With regard to the yielding point, the addition of the nanoclays reduced both the stress and elongation.
The presence of the HNTs and laponite caused a decrease in the ultimate tensile strength as well as the
maximum elongation. The latter can be attributed to the adsorption of Mater-Bi onto the nanoclay
surface that avoids the sliding of the polymeric chains against each other [15,19]. Contrary to these
results, the presence of sepiolite nanofibers did not alter the breaking point of Mater-Bi.

2.2. Thermo-Mechanical Beahaviour of Mater-Bi/Nanoclay Bio-Nanocomposites

The mechanical response to temperature of the Mater-Bi based films was investigated by DMA
test in the oscillatory regime. The obtained data allowed us to determine the effect of the temperature
on the storage (G’) and loss (G”) moduli, which describe the viscoelastic characteristics of the materials.
Figure 2 compares the dependence of tan (G”/G’ ratio) on the temperature of the Mater-Bi and
Mater-Bi/sepiolite nanocomposite. We observed that tan exhibited a peak at ca. 85 °C due to the glass
transition of the polymer. Similarly to sepiolite, the addition of HNTs and laponite did not change
the glass transition temperature of Mater-Bi. Based on these results, we concluded that filling with
nanoclays of variable shape does not alter the thermo-mechanical behaviour of the Mater-Bi biofilm.
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Figure 2. Dependence of tand on the temperature of Mater-Bi and Mater-Bi/sepiolite. The nanoclay
content of the bio-nanocomposite was fixed at 30 wt %.

3. Materials and Methods

3.1. Materials

The halloysite and 1,2-Dichloroethane were from Sigma-Aldrich (St. Louis, MO, USA).
The sepiolite and laponite were from TOLSA S.A (Madrid, Spain) and BASF AG (Ludwigshafen,
Germany), respectively. The Mater-Bi was a Novamont product (Novara, Italy).

3.2. Preparation of Mater-Bi/Nanoclay Nanocomposites

The solvent casting method for 1,2-Dichloroethane was employed for the preparation of the
nanocomposites. Firstly, we prepared a 2 wt % Mater-Bi solution in 1,2-Dichloroethane by magnetically
stirring for 2 h at 25 °C. Then, we added appropriate amounts of the nanoclay and the obtained
dispersions were stirred overnight at 25 °C. The Mater-Bi/nanoclay mixtures were poured into glass
Petri dishes at 25 °C to evaporate the 1,2-Dichloroethane. The obtained films were removed from the
supports and stored in a desiccator at 25 °C. We selected 30 wt % as the filler concentration, which
corresponds to the grams of nanoclay per 100 g of nanocomposite.

3.3. Methods

Dynamic Mechanical Analysis

DMA Q800 apparatus (TA Instruments, New Castle, DE, USA) was used to perform the dynamic
mechanical analyses (DMA) of the Mater-Bi/nanoclay composite films. The DMA tests were conducted
on rectangular films (10.00 x 6.00 x 0.060 mm?). Tensile investigations were carried out with a stress
ramp of 1 MPa min~! at 25.0 & 0.5 °C. The mechanical response to the temperature was conducted in
the oscillatory regime (with a frequency of 1.0 Hz and a strain amplitude of 0.5%) by heating the films
from 40 to 100 °C at a heating rate of 5 °C min~!.
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4. Conclusions

In summary, we prepared bio-nanocomposite films by filling Mater-Bi with several nanoclays
using the solvent casting process. We observed that the presence of halloysite nanotubes and
sepiolite nanofibers strongly increased the rigidity of the Mater-Bi-based films, extending the potential
applications in the packaging fields. As evidenced by the variations of the elastic modulus, sepiolite and
halloysite induced an increase of the Mater-Bi rigidity of 146% and 240%, respectively. The mechanical
performance (regarding the yielding and breaking points) was still competitive with that of traditional
plastics. The addition of the nanoclays did not affect the viscoelastic properties of the Mater-Bi and the
polymer response to the temperature variations. In particular, the glass transition temperatures of the
bio-nanocomposites were similar to that of the pure polymer.
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ARTICLE INFO ABSTRACT

Keywords: The aim of this study is the design and preparation of Mater-Bi/halloysite nanocomposite materials that could be
Halloysite employed as bioplastics alternative to the petroleum derived products. The biocomposite materials at variable
Bioplastics halloysite content (from 0 to 30 wt%) were prepared by using the solvent casting method. We investigated the
Biopolymer mechanical behaviour and the thermal properties of the prepared nanocomposites in order to estimate their
gmcomposnes suitability as biocompatible packaging materials. The thermo-mechanical characteristics were correlated to the
TGA nanocomposites' morphologies, which were studied by Scanning Electron Microscopy (SEM). As a general result,

the physico-chemical performances of Mater-Bi were improved by the presence of small amounts of nanotubes,
which evidenced a homogenous distribution in the polymer matrix. The strongest enhancements of the thermal
stability and tensile properties were achieved for Mater-Bi/halloysite 10 wt%. A further addition of nanotubes
determined the worsening of both thermal stability and mechanical behaviour.

The attained knowledge represents the starting step for the development of packaging films composed by
Mater-Bi and halloysite nanotubes.

1. Introduction

Environmental issues, e.g. pollution and climate change, are the
most urgent challenges that science must tackle in the medium period.
The need to exploit and strengthen all the possibilities that green
chemistry offers is compelling. Therefore, scientists and researchers are
making great efforts with the aim to provide new green tools to the
society, thus ensuring a more respectful development model. Herein,
the use of petroleum derived materials must be restricted due to their
harmful impact on the ecosystem and their non-biocompatibility. In the
most recent years, new bio-derived materials have been designed and
studied with the purpose to replace traditional plactics. Hence, the term
“bioplastics” derived from the need to develop novel eco-sustainable
systems without waiving some important physico-chemical properties.

Biopolymers represent a profitable alternative for the design of new
eco-friendly functional materials being completely green, eco-sustain-
able and non-toxic (Liu et al., 2012; Gorrasi, 2015; Biddeci et al., 2016;
Rebitski et al., 2018). They can display some different features in re-
lation with the natural source where the raw matter is extracted and
used during the preparation procedure (Tharanathan, 2003; Mensitieri
et al.,, 2011). The biopolymers charge is one of the most important
feature that affect their suitability in numerous applications (Bertolino

et al., 2016). Among the sustainable polymers, chitosan is positively
charged, alginate and pectin are negatively charged, starch and cellu-
lose are neutral. It is also important to consider the different hydro-
philic/hydrophobic behaviours of such species that, in light of these
reasons, offer a wide range of choice to material scientists and en-
gineers.

Nevertheless, some limitations to the use of pure biopolymers still
exist and they are related to the mechanical, thermal or gas barrier
properties (Gorrasi et al., 2014; Lvov et al., 2016; Sharma et al., 2018).
In order to overcome these constraints, the most promising bioplastics
are prepared through the combination of both organic moieties and
some inorganic fillers, such as clay nanoparticles (Dziadkowiec et al.,
2017; Almeida et al., 2019; Rebitski et al., 2019). Nanoclays are at-
tracting the attention of the scientific community due to their peculiar
features in terms of chemistry, morphology, aspect ratio and charge
(Peyne et al., 2017; Djellali et al., 2019; Lisuzzo et al., 2019b). Among
the clay nanoparticles, halloysite (Hal) is a 1:1 aluminosilicate that can
be found in nature, whose main property is its distinctive hollow tub-
ular shape combined with its eco-compatibility, no-toxicity and low
cost (Joo et al., 2013; Zhang, 2017). Each halloysite nanotube is com-
posed by a layer of tetrahedral siloxanes and a layer of octahedral
aluminols forming a sheet that rolls up, thus creating two chemically
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different surfaces (Joussein et al., 2005). The outer surface (composed
by Si-O-Si groups) is negatively charged and the inner one (composed
by Al-OH groups) is positively charged in the 2-8 pH range (Lazzara
et al., 2018). Moreover, halloysite nanotubes show a high aspect ratio,
since the inner diameter is about 10-20 nm, the outer diameter is
50-70 nm and the length is 1-2 pm. Within this, it should be noted that
the polydispersion degree in sizes is strongly affected by the specific
geological source of halloysite (Cavallaro et al., 2018a). Recently,
halloysite nanotube-based functional materials have received in-
creasing attention as evidenced by research articles (Tan et al., 2014;
Zeng et al., 2019) and reviews (Yuan et al., 2015; Papoulis, 2019).
Halloysite is a promising nanoclay in numerous applications, including
drug delivery (Viseras et al., 2008; Aguzzi et al., 2013; Dzamukova
et al., 2015), catalysis (Liu et al., 2018; Sadjadi et al., 2018) and re-
mediation (Berthonneau et al., 2015; Nyankson et al., 2015; Panchal
et al., 2018; Deng et al., 2019; Wei et al., 2019). There are many ex-
amples proving the importance of halloysite in addition to ecocompa-
tible polymers as starting building blocks for the preparation of novel
green materials with specific biomedical and technological functional-
ities (Silva et al., 2014; Naumenko et al., 2016; Qin et al., 2016; Liu
et al., 2017; Zhou et al., 2017; Ali and Ahmed, 2018; Zhao et al., 2018;
Suner et al., 2019). For instance, biocomposites with a multilayered
morphology based on a layer of halloysite sandwiched between two
layers of chitosan were designed for medical or fire retardancy appli-
cations (Bertolino et al., 2018). Literature reports the formation of a
chitosan film with embedded clay nanotubes used for the preparation of
alginate covered tablets, which exhibited pH controlled drug delivery
capacity (Blanco et al., 2017; Lisuzzo et al., 2019a; Silva et al., 2014;
Viseras et al., 2008). Bioplastics were prepared by filling halloysite into
the pectin matrix for food packaging applications (Makaremi et al.,
2017) and by combining lisozyme loaded nanotubes and poly (e-ca-
prolactone) (PCL) for the preparation of antimicrobial packaging
membrane (Bugatti et al., 2017). Moreover, bionanocomposites based
were obtained by the halloysite addition into cellulose and chitosan for
the delivery of curcumin or tissue engineering applications, respectively
(Liu et al., 2013; Huang et al., 2017).

In our previous work Cavallaro et al., 2018b, we investigated the
effect of different nanoclays (sepiolite, halloysite, laponite and kaoli-
nite) in the mechanical properties of Mater-Bi polymer based nano-
composites with a fixed polymer/nanofiller ratio. The results showed
that halloysite is the most promising nanoclay for the preparation of
bioplastics that present Mater-Bi as polymeric matrix. Here, we studied
the influence of the halloysite content on both the mechanical and
thermal features of the bionanocomposites in order to determine an
effective protocol for the development of Mater-Bi/halloysite hybrid
films with proper characteristics for packaging purposes.

2. Materials and methods
2.1. Materials

Halloysite (Hal) was supplied as a “processed product” by Imerys
from their Matauri Bay operation. Mater-Bi is a Novamont product
(Novara, Italy) and 1,2-Dichloroethane was purchased by Sigma-
Aldrich.

2.2. Preparation of the nanocomposites

The nanocomposites based on halloysite nanotubes and Mater-Bi
were prepared by solvent casting method. Firstly, the biopolymer (2 wt
%) was solubilized in 1,2-Dichloroethane and Hal was added as dry
powder to the solution at different concentrations, from 0 to 30% w/w.
Thereafter, each mixture was magnetically stirred overnight at 25 °C
and poured down into glass Petri dishes in order to evaporate the sol-
vent, thus obtaining different nanocomposite films, which were stored
in a desiccator at 25 °C.
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2.3. Methods

2.3.1. Dynamic mechanical analysis

A DMA Q800 instrument (TA Instruments) was used in order to
study the tensile properties of the Mater-Bi/Hal nanocomposites. In
particular, the films were cut into rectangular shaped portions
(10.00 x 5.00 x 0.20 mm?®) and the measurements were performed
with a stress ramp of 1 MPa min ™",

at 25.0 * 0.5 °C. The analysis of the stress vs strain curves allowed
us to determine the Young modulus (Ym), the tensile strenght (o,) and
the percentage of elongation at break (ey). The integration of each
curve provided the stored energy (E) for each film due to the me-
chanical stress until the breaking point.

2.3.2. Thermogravimetry

Thermogravimetric analysis (TGA) was performed using a Q5000 IR
apparatus (TA Instruments) under the nitrogen flow of 25 cm® min~ !
for the sample and 10 cm® min~ ! for the balance. The calibration was
carried out by means of Curie temperature of standards (nickel, cobalt
and their alloys) as reported in literature (Blanco et al., 2014, 2017).
Each sample, whose mass was ca. 5 mg, was heated from room tem-
perature to 750 °C with a rate of 20 °C min~'. TGA allowed to study the
thermal degradation of Mater-Bi/Hal nanocomposites and to in-
vestigate any effects on the thermal stability of these materials.

2.3.3. Scanning electron microscopy

The morphological features of the nanocomposites were studied by
scanning electron microscopy, which was conducted using a ESEM FEI
QUANTA 200F microscope. In order to avoid any charging under
electron beam, each sample was coated with gold in argon by means of
an Edwards Sputter Coater S150A before the analysis. The measure-
ments were carried out in high-vacuum mode (< 6 X 10~* Pa) for
simultaneous secondary electrons. The energy of the beam was 20 kV,
while the working distance was set at 10 mm.

2.3.4. Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) measurements were performed at
room temperature through a Frontier FTIR spectrometer (PerkinElmer).
The spectra were recorded using 64 scans in the range between 4000
and 450 cm !, while the spectral resolution was set at 2 cm ™ '. The
experiments were conducted on KBr pellets with a low content (< 2 wt
%) of milled sample.

3. Results and discussion
3.1. Mechanical properties of Mater-Bi/Halloysite composite films

Some examples of stress vs. strain curves for Mater-Bi and Mater-Bi/
halloysite films are presented in Fig. 1.

The stress vs. strain curves (Fig. 1) showed that all the prepared
samples are elastic at first, since the strain increases linearly with the
stress, and they convert into plastic materials when the yelding point is
reached, thus the deformation becomes irreversible. Moreover, it was
observed that the strain at break is much higher for the Mater-Bi/Hal
10 wt% nanocomposite in comparison with the other samples. The
dependence of the elongation at break on the nanofiller content is
shown in Fig. 2.

It is clearly observed that the concentration of inorganic nanotubes
deeply influences the ultimate elongation of Mater-Bi based films
(Fig. 2). In particular, we detected that the percentage of ultimate
elongation is 30 and 100% for the pure Mater-Bi film and Mater-Bi/Hal
10 wt%, respectively The further addition of nanotubes decreased the
elongation at break up to ca. 10% for the composite material with the
largest Hal content (30 wt%). According to the literature (Tang and
Alavi, 2012; Cavallaro et al., 2013), the reduction of the maximum
elongation can be explained by considering the nanotubes/Mater-Bi



L. Lisuzzo, et al.

10 T T T T
[ ]
s -
g 6 i
<
LI <4
2 [ ] Mater-Bi -
® Mater-BiHal 1 wt%
® Mater-Bi/Hal 10 wt%
® Mater-Bi/Hal 20 wt%
0 1 1 T 1
0 20 40 60 80 100
Strain /%

Fig. 1. Stress vs. strain curves for pure Mater-Bi and Mater-Bi/Halloysite films
as a function of the nanoclay content.
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Fig. 2. Elongation at break for Mater-Bi/Halloysite composite films as a func-
tion of the nanoclay content. The relative error is 2%.

interactions, which avoid the sliding of the polymer chains. Similar
effects were observed for the stored energy of the films during the
tensile experiments (Fig. 3).

Specifically, we determined that the film based on pristine Mater-Bi
possess a stored energy of 1718 kJ m ™3, This value was significantly
enhanced in the composite with Hal concentration of 10 wt% (ca.
7300 kJ m~3), while the Mater-Bi/Hal 30 wt% exhibited a much lower
stored energy (254 kJ m~3). These observations are in good agreement
with the data of both stress at break and Young modulus (see
Supporting Information).

3.2. Thermal properties and structure

Thermogravimetric analysis was aimed to study the thermal stabi-
lity and the degradation properties of the Mater-Bi/Hal nanocomposite
film. As examples, Fig. 4 reports the thermogravimetric curves for both
pure Mater-Bi and Mater-Bi/Hal 10 wt% materials.

Compared to pristine Mater-Bi, the nanocomposite presents a larger
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Fig. 3. Stored energy up to breaking for Mater-Bi/Halloysite composite films as
a function of the nanoclays content. The relative error is 2%.

residual mass at high temperature as a consequence of the presence of
the inorganic nanotubes (Fig. 4). In this regards, the residual masses at
700 °C for all the investigated materials are presented in Supporting
Information. These results evidenced that the nanocomposites with
higher Hal contents possess larger residual masses at 700 °C. All the
investigated materials showed a mass loss in the temperature range
between 25 and 150 °C that can be attributed to the moisture content of
the bioplastics. Both Mater-Bi and Mater-Bi/Hal 10 wt% nanocomposite
exhibited two different degradation steps in the 300-400 °C range as
highlighted by the corresponding differential thermogravimetric curves
(Fig. 4). In order to explore the effect of halloysite on the thermal
stability of Mater-Bi, we determined the onset temperatures from the
analysis of the thermogravimetric curves. The onset temperature refers
to the initial decomposition of Mater-Bi. Namely, it represents the
temperature where the polymer starts to decompose. The onset tem-
perature is obtained by the intersection of a line tangent to the baseline
the with a line tangent to the inflection point of the thermogravimetric
curve.

Similarly to the tensile properties, the presence of small amounts of
halloysite generated a slight improvement of the Mater-Bi thermal
stability (Fig. 5). In particular, the nanocomposite with Hal content of
10 wt% showed an enhancement of ca. 4 °C for the onset temperature
with respect to that of pristine Mater-Bi. The slight thermal stabilization
effect induced by the presence of small amounts of halloysite can be
observed by the comparison of the thermogravimetric curves for Mater-
Bi and Mater-Bi/Hal 10 wt% within the temperature range between 200
and 340 °C (see inset in Fig. 4). Larger filler contents (> 10 wt%) in-
duced a worsening of the polymer thermal stability as evidenced by the
decrease of the onset temperature (Fig. 5). Similar trends are reported
for the degradation temperatures estimated by the maxima of the DTG
peaks (see Supporting Information). These effects might be related to
the peculiar morphological characteristics of the nanocomposites that
can be influenced by their specific composition. Based on thermo-
gravimetric results, the nanotubes should be uniformly dispersed in the
polymeric matrix for the composite materials with Hal < 10 wt%. This
hypothesis was supported by SEM images (Fig. 6), which showed that
Mater-Bi/Hal 10 wt% presents the nanotubes randomly dispersed in its
surface.

As reported in literature (Du et al., 2006, 2010; Makaremi et al.,
2017), the homogenous distribution of inorganic fillers within polymer
can cause an enhancement of the thermal stability as a consequence of
the barrier effect towards the volatile products of the polymer de-
gradation. Furthermore, the encapsulation process within the Hal
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Fig. 5. Onset temperature values for pure Mater-Bi and Mater-Bi/Halloysite
composite films as a function of the nanoclay content. The relative error is 2%.

cavity can contribute to the improvement of the Mater-Bi resistance to
the thermal degradation. On the other hand, the decrease of the onset
temperature at larger Hal contents could be an indication of the phase
separation between polymer and nanotubes, which are not more able to
create a barrier towards the volatile products of the Mater-Bi de-
gradation. In this regards, it is reported that nanocomposites with a

large Hal content exhibit a lower thermal stability compared to the
corresponding pure polymers because of their layered structure
(Cavallaro et al., 2011) and/or formation of nanotubes aggregates
within the matrix (Cavallaro et al., 2013). As evidenced in Fig. 6, Mater-
Bi/Hal 30 wt% presents a rough surface with several clusters and holes
indicating that the nanotubes are not homogeneously dispersed in the
polymeric matrix. Accordingly, both the thermal and mechanical
properties of Mater-Bi were worsened by the addition of a large
amounts of halloysite nanotubes. The nature of interactions between
Mater-Bi and halloysite nanotubes in the nanocomposites was in-
vestigated by FTIR spectroscopy. Fig. 7 shows the FTIR spectra for
Mater-Bi and Mater-Bi with variable Hal content (10 and 30 wt%).

We observed that the characteristic FTIR signals of Mater-Bi are not
influenced by the presence of halloysite. In particular, we focused on
the peaks centered at 2951 and 1730 cm ™!, which are related to C—H
aliphatic stretching and C=O stretching vibration of polyester, re-
spectively (Cataldi et al., 2015). Both signals did not show neither
shifting nor splitting phenomena in the Mater-Bi/Hal nanocomposites
highlighting that the polymer structure was not altered by the addition
of the nanotubes. Based on FTIR spectra, we can state that Mater-Bi is
physically adsorbed onto halloysite surfaces ruling out the presence of
covalent bonds between matrix and filler.

4. Conclusions

We successfully prepared a novel biohybrid material based on
Mater-Bi and halloysite nanotubes by using the casting method from
1,2-Dichloroethane. The effect of the halloysite content on the tensile
and thermal properties of the nanocomposites was extensively in-
vestigated by Dynamic Mechanical Analysis (DMA) and
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Fig. 6. Scanning Electron Microscopy image of the Mater-Bi/Hal nanocomposites at variable composition. The scale bar is 10 um.
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Fig. 7. Fourier Transform Infrared spectra for Mater-Bi, Mater-Bi/Hal 10 wt%
and Mater-Bi/Hal 30 wt% materials.

Thermogravimetry (TGA), respectively.

As a general result, we detected that the presence of small amounts
(= 10 wt%) of nanotubes confers improved thermo-mechanical per-
formances with respect to those of Mater-Bi. Compared to the pure
biopolymer, Mater-Bi/Hal 10 wt% composite exhibited improvements
of ca. 320 and 230% for the ultimate elongation and the stored energy
at the breaking point, respectively. Opposite results were detected for
nanocomposites with Hal concentrations larger than 10 wt%. As ex-
ample, the stored energy at break evidenced a decrease of ca. 85% in
the nanocomposite with halloysite content of 30 wt%. Similar effects
were observed for the elastic modulus and the stress at breaking point.
As concerns the thermal behavior, we observed that the thermal sta-
bility of Mater-Bi/halloysite nanocomposites slightly depends on their
specific filler content. The addition of nanotubes generated enhance-
ments (up to 4 °C) of the polymer degradation temperature for hal-
loysite contents lower than 10 wt%. Oppositely, a thermal destabili-
zation of Mater-Bi was detected for nanocomposites with halloysite
concentrations larger than 10 wt%. In particular, Mater-Bi/halloysite
30 wt% evidenced a slight decrease (ca. 5 °C) of the polymer de-
gradation temperature with respect to that of pure Mater-Bi that can be
attributed to the formation of halloysite clusters within the matrix.
According to both TGA and DMA data, we can conclude that the most
promising performances were achieved for Mater-Bi/halloysite 10 wt%
composite film, which might be considered as a suitable biomaterial for
packaging applications.
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release of drugsf
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We have prepared new biohybrid materials based on halloysite nanotubes and natural polymers (alginate
and chitosan) for the controlled and sustained release of bioactive species. A functional nanoarchitecture
has been designed allowing us to generate a layered tablet with a chitosan/halloysite nanocomposite film
sandwiched between two alginate layers. The assembly of the raw components and the final structure of
the hybrid tablet have been highlighted by the morphological and wettability properties of the prepared
materials. Since the biohybrid has been designed as a smart carrier, halloysite nanotubes have been first
loaded with a model drug (sodium diclofenac). The effect of the tablet thickness on the drug release
kinetics has been investigated, confirming that the delivery capacity can be controlled by modifying the
alginate amounts of the external layers. A simulation of the typical pH conditions along the human
gastro-intestinal path has been carried out. Strong acidic conditions (pH = 3, typical in the stomach) prevent
the drug release. In contrast, the drug was released at pH = 5.7 and 7.8, which simulate the duodenum/ileum
and colon paths, respectively. These results demonstrate that the proposed nanoarchitecture is suitable as a

rsc.li/njc

1. Introduction

Recently, the need to conciliate technological progress with a
growing environmental focus has become very compelling." Hence,
the design of new smart materials with sustainable characteristics
has been exploited for a wide range of applications.>” Since the use
of petrochemical-based plastic has to be restricted, bio-derived
polymers represent a valid alternative for the preparation of
new eco-friendly architectures.*”> Mostly, organic raw materials
are derived from agricultural or marine sources and can be
functionalized in order to tune their main features such as the
hydrophilic character, the thermal stability and the solubilization
capability towards other compounds.®® The biopolymers’ charge is
considered as a crucial point for their classification since they can
be cationic (e.g. chitosan), anionic (e.g. pectin, alginate) or neutral
species (e.g amylose, starch and cellulose derivatives such as
hydroxypropylcellulose) with consequent differences in their inter-
action behaviour and self assembly with other building blocks.”™*
Biohybrid materials with variable structures and morphologies were
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functional material with tunable delivery capacity.

successfully prepared by the assembly of natural polymers and
inorganic particles.”>™* Nowadays, these systems are attracting
the attention of material scientists and engineers due to their
wide applications including in biomedical technology, catalysis,
remediation, cultural heritage treatment and food packaging.'>>*
Recently, great efforts have been made in the design of biohybrid
materials composed of organic moieties and inorganic clay minerals,
which can present different features in terms of chemistry, aspect
ratio, morphology and charge.>>*® Among them, halloysite nano-
tubes (HNTs) are naturally occurring aluminosilicates composed of a
layer of Si-O-Si tetrahedrons overlapping Al-OH octahedrons that
create a kaolinite-like sheet, which further rolls up forming hollow
tubular nanoparticles.>”*® Halloysite dimensions strongly depend on
its natural deposit. The HNTS’ external diameter is 50-200 nm, while
the internal diameter and the length are 15-50 nm and 1-2 pm,
respectively.”>*® Besides their eco-sustainability and non-toxicity,
their peculiar surface characteristics (different charge between the
inner and outer surfaces due to their different Si/Al composition)
make HNTs very interesting for charged guest molecules, which can
be selectively adsorbed onto the nanotubes through electrostatic and
van der Waals interactions.>** Moreover, the tubular shape repre-
sents an appealing characteristic providing an encapsulation site for
active molecules inside the lumen of the nanotubes, which can act
as nanocarriers and delivery systems.*>® For this purpose, several
smart materials have been prepared and exploited for the release of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019 New J. Chem., 2019, 43, 10887-10893 | 10887
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corrosion inhibitors, antacid molecules, antioxidants and other
species of biological interest such as antimicrobial agents and
nonsteroidal anti-inflammatory drugs (NSAIDs).>**** In this regard,
the selective functionalization of HNTs with stimuli responsive
polymers (PNIPAAMs) allowed the creation of a new nano-
architecture suitable for drug release triggered by temperature.*®*°
Moreover, biohybrid gel beads composed of a chitosan embedded
halloysite core in an outer alginate shell were prepared with the aim
to enhance the control of the drug delivery.>

This paper contributes to the design of new smart biohybrid
materials that can be used for health applications. For this,
halloysite nanotubes have been employed as both drug molecule
nanocontainers and fillers for the chitosan biopolymeric matrix.
The coating of the nanocomposite film with alginate layers had
significant effects on the release kinetics as a function of the
thickness of the layered tablets. More interestingly, the hybrid
material was subjected to a simulation of the human gastro-
intestinal path, evidencing that strong acidic conditions (typical
in the stomach) prevented drug release, which occurs at pH = 5.7
and 7.8 (simulating duodenum/ileum and colon, respectively).
Therefore, the prepared hybrid tablet can be considered as an
efficient system for a sustained and controlled drug delivery.

2. Results and discussion

2.1 Morphology and wettability of ALG/CHI-HNTs/ALG
tablets

Table 1 lists the prepared layered tablets with variable alginate/
chitosan-HNT mass ratios (Rajgriim)- The corresponding thicknesses
of the interlayer film and the tablet are presented. It should be
noted that both thicknesses were measured using a micrometer.

The optical photographs of the tablet and details of cross
sections of all the prepared samples are shown in Fig. 1.

It is worth noting the organization of the components in the
ALG/CHI-HNTs/ALG hybrid materials (Fig. 1a-c). In particular,
their structure is layered and the CHI-HNT film is always visible
within the cross section. The two alginate layers, covering the
composite film on both its sides, present a homogeneous mor-
phology and their dimensions strictly depend on the amount of
biopolymer employed during the preparation phase. As expected,
an increase in Rjg/riim determined an enhancement of the tablet
thickness (Table 1). All the three tablets have a sandwich-like
structure, contrary to the pure alginate tablet, which is reported
for comparison in Fig. 1d. As shown in Fig. 1le, the nanotubes
containing diclofenac are homogeneously dispersed within the
chitosan matrix. This observation is promising for drug delivery
purposes.

Contact angle measurements in water were carried out in
order to study the wettability of the prepared materials. As an

Table 1 Composition and thicknesses of the layered hybrid tablets

Rag/riim (Wt%)  CHI-HNT thickness (um)  Tablet thickness (mm)

20 58+1 1.114 £+ 0.001
25 4 £1 1.423 £ 0.001
30 60 £ 1 1.710 £ 0.001
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20 um

Fig. 1 Cross section optical photographs of (a) Rag/riim = 20, (b) Raig/fitm =
25, (¢) Rag/ritm = 30 and (d) pure alginate prepared tablets; (e) SEM image
of the nanocomposite film based on chitosan and HNTs loaded with
diclofenac; (f) optical photograph of the tablet with Rag/rim = 20.

example, the 0 vs. ¢ trend for the tablet with Rajg/piim = 30 has
been reported in Fig. 2. The inset in Fig. 2 displays the image of
the water droplet just after its deposition onto the tablet surface.

W ater contact angle / ©

0 10 20 30 40 50 60 70 80
Time /s
Fig. 2 Water contact angle measurement as a function of time for Rag/riim =

30 tablet. The inset displays the image of the water droplet just after surface
deposition. The solid red line represents the fitting based on eqgn (2).
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Table 2 Wettability properties obtained by fitting the 0 vs. t curves for
tablets with variable composition

Sample 0; () ko n

Alginate 59 0.0366 0.31
Ralg/rilm = 20 64 0.1242 0.16
Ralg/Film = 25 58 0.0242 0.51
RAIg/Film =30 53 0.0115 0.57

Errors: 1% for 0; and kg, 3% for n.

Table 2 reports the parameters resulting from fitting the curves
with eqn (2).

It was observed that all the tablets showed a hydrophilic
character, since the 0; values are always lower than 90°. By
comparing the results of the biohybrid materials with that of the
pure alginate tablet, it is noticeable that the specific sandwich-
like structure and the thickness variation of the layers did not
deeply alter the wettability degree. Moreover, the initial contact
angle is always lower than that of the chitosan/HNT nano-
composite film, which was experimentally measured to be 79°,
in agreement with the literature.”® As concerns kg, the hybrid
tablets showed lower values compared to that of pristine alginate.
Accordingly, we can state that the kinetics of the contact angle
evolution was slowed down by the peculiar sandwich like
structure of the hybrid tablets. Hence, n depends on both
spreading and adsorption mechanisms. The n values ranged
from 0.16 to 0.57 for Rig/ritm = 20 and Ryg/riim = 30, respectively.
As a general result, we observed that the increase of the alginate
amount in the hybrid systems determined an enhancement of
the absorption contribution.

2.2 Release studies

The release kinetics of diclofenac from loaded HNTS, chitosan/
HNT nanocomposite films and ALG/CHI-HNTSs/ALG tablets
were investigated.

Preliminarily, we determined the amount of diclofenac encapsu-
lated within the halloysite lumen via thermogravimetry. Fig. 3
reports the thermograms for the pristine halloysite nanotubes, pure
diclofenac and the drug loaded HNTs. According to the rule of
mixtures (see the ESIt),>* we estimated a drug loading of 10.1 wt%
by comparing the mass losses at 150 °C and the residual masses at
700 °C. This result is in good agreement with the literature.>

2.2.1 Release of diclofenac from loaded HNTSs, chitosan/
HNT nanocomposites and layered tablets. Fig. 4 compares the
diclofenac release profiles for the loaded HNTs and CHIT-HNT
nanocomposite films.

It was observed that 48% of drug was released by the loaded
clay nanotubes after just 5 minutes, while a saturation of release
(70%) was reached after 45 minutes. Compared to HNTs/Diclofenac,
the release kinetics is slower for the drug loaded in the CHI-HNT
film. In particular, we estimated that 9% and 52% of diclofenac
are released after 5 min and 5 hours, respectively. This is most
likely due to the barrier effect of the polymeric matrix, which
can delay the drug release from the HNT inner lumen. Fig. 5
reports the release kinetics for the biohybrid tablets with
variable composition.
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Fig. 3 Thermogravimetric curves for HNTs, HNTs-Diclo and pure
diclofenac.
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Fig. 4 Release profiles for HNT-Diclo powder and CHI-HNT-Diclo
nanocomposite films as a function of time.

As a general result, we observed that the presence of external
alginate layers slows down the drug release kinetics. As con-
cerns the hybrid with Ryig/miim = 20, we estimated that 3 and
40% of diclofenac are released after 5 minutes and 2 hours,
respectively. Interestingly, an interruption in the diclofenac
release was observed after 2 hours, which corresponded to
the starting time of the alginate dissolution in aqueous solvent.
Once the alginate dissolution was complete (after ca. 5 hours),
the drug release restarted. Regarding the tablet with Rjg/piim =
25, an induction time of ca. 5 hours was observed for the
diclofenac release process. The retardant effect on the drug
release can be attributed to the protection of the external
alginate layers of the hybrid tablet. Once the dissolved alginate
concentration was constant (ca. 45%), the drug release exhibited
an exponential increase reaching 50 and 70% after 10 and
24 hours, respectively.
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Fig. 5 Release profiles for the three prepared tablets as a function of time.

A similar behaviour was observed for the tablet with Ryg/giim =
30, which showed a longer induction time (ca. 7 hours) for the
diclofenac release. Only ca. 3% of drug was released during the
polymer dissolution. Once the alginate concentration in the release
medium was constant (ca. 57%), the drug was exponentially
delivered reaching 42 and 47% after 24 and 30 hours, respectively.

In light of these observations, we can state that the alginate
layers played a relevant role in controlling the kinetics due to
their swelling. We can hypothesize that the outer layers of
alginate can absorb water from the medium causing the
formation of a gel phase that delays the drug delivery. Once
the biopolymer dissolution is complete, the diclofenac release
from the hybrid is allowed. Remarkably, the different thickness
of the ALG/CHI-HNT/ALG tablets induced significant effects on
the diclofenac release kinetics. In particular, the tablet with the
thinnest alginate layers (Rajg/riim = 20) did not evidence a clear
induction time for the drug release. In contrast, this effect was
highlighted for tablets with a larger amount of alginate. More-
over, the total amount of diclofenac that could be released from
the tablets was affected by the specific composition. In this
regard, we estimated that the diclofenac release amounts after
30 hours are ca. 80, 65 and 45% for tablets with Rajg/piim = 20, 25
and 30, respectively.

2.2.2 Release of diclofenac from the hybrid tablet under
human gastro-intestinal conditions. Release studies using the
hybrid tablet with Ryjg/riim = 25 were carried out under different
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Fig. 6 Release profile for the Rag/rim = 25 tablet measured by simulating
the human body gastrointestinal path’s most typical pH conditions, as a
function of time.

pH conditions simulating the human gastro-intestinal path. In
particular, the drug release kinetics were studied at pH = 3.0,
5.7 and 7.8, which simulate stomach, duodenum/ileum and
colon paths. These tests were conducted at 37 °C in agreement
with human physiological conditions. First, the tablet was kept
in aqueous solvent at pH = 3 for 2 hours. As shown in Fig. 6, we
observed a negligible drug release amount (<1%). Afterwards,
the tablet was kept at pH = 5.7 for 1.5 hours. Here, we detected a
jump in diclofenac release up to ca. 5% (Fig. 6). Lastly, the
release medium was changed to pH = 7.8. We observed that the
alkaline conditions favour the diclofenac release, which follows
an exponential increasing trend (Fig. 6). In particular, we
estimated that the drug release is 12 and 75% after 4 and
50 hours, respectively. According to these results, we can
conclude that the sandwich like structure of the hybrid tablet
is efficient in controlling the drug release with a dependence on
the pH conditions of the physiological aqueous medium.

3. Experimental section
3.1 Materials

Halloysite nanotubes (HNTs) were a gift from Imerys Ceramics.
Chitosan (M,, = 50-190 kg mol "), sodium alginate (M, =
70-100 kg mol "), diclofenac sodium salt (M,, = 318.13 g mol ),
acetic acid (=>99.5%), hydrochloric acid (37% v/v) and sodium
hydroxide are Sigma Aldrich products.

3.2 Diclofenac loading of halloysite nanotubes

Accordingly to the literature,*® a diclofenac sodium salt saturated
aqueous solution was prepared and HNT powder was added in a
1:1 mass ratio. The dispersion was magnetically stirred for 24 h.
Then, it was subjected to three vacuum cycles (P = 0.01 atm for
1 h) in order to optimize the loading efficiency.>” It should be
noted that the dispersion was stirred for 10 minutes between
two consecutive vacuum cycles. Hence, the drug encapsulated
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Fig. 7 Schematic representation of the biohybrid tablet.

nanoclay was separated by centrifugation (5 minutes at 8000 rpm)
and it was washed with water and dried overnight in an oven.

3.3 Preparation of HNT-chitosan-alginate tablets

First, a 2% w/w chitosan (CHI) solution in H,O/acetic acid was
prepared and halloysite loaded with diclofenac was added at
0.6% w/w concentration. The dispersion was stirred for 24 h
and it was poured into a Petri dish in order to obtain CHI-HNT
nanocomposite films by the solvent casting method. Afterwards,
the film was cut into several portions with a circular shape
(diameter ca. 1 cm). The film was covered on both (top and
bottom) sides with alginate (ALG) layers, which were compressed
at 10 ton for 10 minutes allowing us to generate a compact tablet
(Fig. 7). The amount of alginate was systematically changed to
prepare tablets with variable thickness.

3.4 Diclofenac release kinetics

Release kinetics were studied via UV-VIS spectrophotometry.
Hence, 10 mg of diclofenac loaded HNTs, 10 mg of the CHI-
HNT film and the hybrid tablet with different thickness were
placed into the release medium. At certain time intervals, 2 ml
of liquid was taken from each sample, used for UV-VIS analysis
and replaced with fresh solution. Release data were corrected
using the following equation:>*

n—1

Ch'=Cn+—-> G 1)
v 2

where Cr’ is the corrected concentration, Cn represents the nth
concentration, V is the sample volume taken for each analysis
(2 mL), and V, represents the total volume.

In particular, kinetics were studied at pH = 7.8 for all the
prepared systems. In addition, a simulation of the conditions of
different parts of the human body was carried out at variable
PH (3, 5.7, and 7.8 that correspond to stomach, duodenum/ileum
and colon, respectively).>®> Hence, since diclofenac and alginate
have their main adsorption bands at A &~ 276 nm, calibration
curves were recorded for both the drug and the biopolymer in
quartz cuvettes under the same acidic conditions.

3.5 Methods

Optical images were produced by using a DIGITUS® (DA-70351)
microscope and processed by using the Digital Viewer software.

Water contact angle measurements were carried out by using
an optical apparatus (OCA 20, Data Physics Instruments) equipped
with a high-resolution CCD camera and a high-performance
digitizing adapter. The water droplet was 10 £+ 0.5 mL whereas
the gas phase was air and temperature was maintained at
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25.0 &+ 0.1 °C. Data were acquired by using the SCA 20 software
(Data Physics Instruments). Contact angle values over time were
fitted by the following equation:*®

0 = 0exp(—ky-t") 2)

where 0; represents the initial value, and ky and n are char-
acteristic coefficients related to the process rate and mechanism.
In particular, n ranges between 0 and 1 depending on the absorp-
tion and spreading contributions to the kinetics, being 0 for the
former and 1 for the latter, respectively.

Thermogravimetric analysis (TGA) was performed by using a
Q5000 IR apparatus (TA Instruments) under nitrogen flows of
25 cm® min~" for the sample and 10 cm® min~" for the balance,
respectively. Thermal analysis was conducted on pure diclofenac,
HNTs and diclofenac loaded halloysite by increasing the tempera-
ture to 700 °C with a scanning rate of 20 °C min . The loading
efficiency was provided using the rule of mixtures.””

A UV-VIS spectrophotometer was used in order to study the
release kinetics obtained from the prepared materials. For this
purpose, the employed equipment was a Specord S600 (Analytik,
Jena, Germany). An ESEM FEI QUANTA 200F microscope was used
to image the halloysite nanotubes embedded into the chitosan
polymeric matrix. To achieve this aim, the film was coated with
gold in argon by means of an Edwards Sputter Coater S150A to
avoid charging under the electron beam. The measurements were
conducted in a high vacuum (<6 x 10~ * Pa), while the energy of
the beam and the working distance were set at 25 kV and
10 mm, respectively.

4. Conclusions

We prepared layered composite tablets based on biopolymers
(alginate and chitosan) and halloysite nanotubes. The tablet
fabrication consists of three steps: (1) loading of the halloysite
lumen with diclofenac as a model drug; (2) preparation of the
nanocomposite film formed by chitosan and halloysite nano-
tubes containing diclofenac; (3) high pressure packing of the
nanocomposite film between two alginate layers. Thermogravi-
metric experiments evidenced the successful encapsulation (ca.
10.1 wt%) of the drug within the halloysite lumen, while Scanning
Electron Microscopy showed that the loaded nanotubes were
uniformly dispersed into the chitosan matrix. Optical observations
of the hybrid tablets highlighted their peculiar layered structure
with tunable thickness. The wettability properties of the tablets
confirmed the sandwich like structure of the hybrids. The presence
of the alginate layers slowed down the diclofenac release with
respect to that from the nanocomposite film. In addition, we
observed that the external biopolymer layers generated an induc-
tion time on the diclofenac release as a function of the tablet
thickness. Similarly, the amount of drug released after a long time
(30 hours) was affected by the composition of the hybrid tablet.
These effects can be attributed to the protection of the alginate
layers on the drug release. Interestingly, the sandwich like
structure of the hybrid tablets allows control of the diclofenac
release under variable physiological pH conditions. At pH = 3
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(typical in the stomach), the diclofenac release was negligible
(<1%), while an increase in the drug delivery was detected at
pH = 5.7 (duodenum/ileum) wherein the released amount was
ca. 5%. Alkaline conditions (pH = 7.8, typical in colon) deter-
mined an exponential increase of the diclofenac release, which
reached 70% after 30 hours. Based on these results, we can
conclude that the alginate/chitosan/HNT hybrid is an effective
and tunable delivery system that can be used for specific
physiological purposes.
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diverse surface characteristics, these hybrids can be used in diverse biomedical/pharmaceutical appli-
cations. Herein, for instance, loading with two model drugs, salicylic acid and ibuprofen, allows controlled
and sustained release as deduced from antimicrobial assays, opening a versatile path for developing other
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1. Introduction

Biohybrid materials attract the interest of both scientific and
engineering communities due to their extensive use in a wide
range of application fields from environmental remediation to
biomedical uses and represent an alternative approach to con-
ventional technologies for combining organic and inorganic
moieties by adding particles for which at least one dimension
is in the nanometer range.'® Of particular relevance are those
systems in which the inorganic component is a silicate belong-
ing to the family of clay minerals, giving rise to nanocomposite
materials involving porous and layered silicates.” "> The result-
ing materials may exhibit markedly improved mechanical,
thermal, optical, and physicochemical properties compared to
those of the pure polymer or conventional (microscale) compo-
sites,'? as first demonstrated by Fukushima and co-workers for
nylon-clay nanocomposites.'* In recent years, nanocellulose
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related organic—inorganic materials of potential interest in diverse application fields.

based materials have been the focus of active research with the
aim of developing a wide variety of hybrid materials for appli-
cations in adaptive and responsive materials, energy storage
and conversion, water treatment, biomedicine, packaging, fire
retardancy, as a support for metal and metal oxide nano-
particles in catalysts, and electronics.”° In this context, the
concept of “nanopaper” refers to the use of cellulose nano-
fibers (CNFs) for making paper instead of employing conven-
tional, micronized cellulose pulp. The term “nanocellulose”
refers to a family of cellulose nanomaterials (fibers and crys-
tals) obtained from different chemical and mechanical meth-
odologies that provoke a defibrillation process in raw cellulosic
materials.”"** Cellulose nanofibers show a high aspect ratio
(up to 1 pm in length and 2-5 nm in thickness), a chemically
modifiable surface, and a high elastic modulus resulting from
their high crystallinity,>® and are prepared by relatively low-
expensive production methods, all of which endow CNFs with
great potential for the fabrication of numerous functional
structures.”**> Recent studies on CNFs have been dealing with
their assembly to other nanobuilding blocks of an inorganic
nature, for instance, the combination of CNFs with layered sili-
cates, such as vermiculite to produce biohybrids used as
packaging material,>® montmorillonite to develop materials
showing high mechanical performance,”” or the preparation of
functional, heterofibrous hybrid materials by an integrative
approach from the dispersions of nanofibrillated cellulose and
defibrillated sepiolite.”®*>? Sepiolite is a microcrystalline
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hydrated magnesium silicate with Si;;030Mgg(OH,F),(H,0),-
8H,O as the theoretical unit cell formula.>® Indeed, sepiolite
shows a microfibrous morphology with a particle size typically
in the 0.5-2 um length range.*" Structurally, it is formed by the
alternation of blocks and cavities (tunnels) that grow in the
fiber direction (c-axis). Each structural block is composed of
two tetrahedral silica sheets sandwiching a central sheet of
magnesium oxide-hydroxide. Owing to the discontinuity of the
silica sheets, the channels and silanol groups (Si-OH) are
present on the external surface of the silicate particles.”* These
groups are located at the edges of the channels (ie. those
tunnels acceding to the external surface of the silicate) and
are directly accessible to different species, thus representing
the only sites available for functionalization. Moreover, one
of the most interesting features of sepiolite is its very high
colloidal stability in aqueous media that has been exploited
for stabilizing, among others, carbon nanotubes and gra-
phene nanoplatelet suspensions.®*** In light of these pro-
perties and features, it is clear that sepiolite represents a very
interesting starting building block for designing a wide class
of smart materials.”>® Nevertheless, one limitation of sepiolite
is its restriction only to its external surface during the inter-
action with other active and bulky species due to the reduced
accessibility of the Mg-OH groups located inside the micro-
porous tunnels.*’

Hence, the use of further components to overcome this
limitation and to fully exploit the features of sepiolite and to
develop potential synergistic effects is pursued here through
the co-assembly of clay nanotubes.

Halloysite (HNT) is structurally a 1: 1 layered alumino-sili-
cate clay showing a tubular morphology with an external dia-
meter of 50-80 nm, an internal diameter of 10-15 nm, and a
length of ca. 1000 nm.?*3® Interestingly, it displays a posi-
tively charged lumen and a negatively charged outer surface
in the pH range between 2 and 8.*>° This characteristic is
due to the different chemical compositions: the external
surface is composed of Si-O-Si groups while the inner
surface consists of a gibbsite-like array of AI-OH groups.*!
This peculiar surface chemistry makes possible, in contrast
to sepiolite, a selective targeted modification driven by
electrostatic interactions.*™** These groups allow the clay to
participate in electrostatic or hydrogen bonding in polar sol-
vents and to interact favorably with the functional groups of a
wide range of chemical species.*>*® Due to various character-
istics such as a nanoscale lumen, high aspect ratio, relatively
low hydroxyl group density on the surface, etc., numerous
advanced applications have been discovered for this unique,
cheap, and abundant clay.”®">> Moreover, HNTs are biocom-
patible as shown in several in vitro and in vivo studies.’®
Beyond these aspects, one of the limitations to the use of
pristine halloysite is its low colloidal stability in aqueous sus-
pensions, which hampers its use and applicability except for
adequately modified HNTs.>” In this way, we have recently
reported a protocol to produce multicomponent conductive
bionanocomposite materials where the use of sepiolite is
fundamental to achieve the stabilization of HNT dispersions
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in which the other components can be homogeneously
incorporated.’®

In this context, the main objective of this work is to develop
an alternative strategy for the preparation of a new type of multi-
component hybrid nanopaper constituted by cellulose nano-
fibers, sepiolite, and halloysite. Our purpose is to investigate
the possibility to exploit the most important features of each
component and to overcome their individual limitations in
order to design a material with different chemical surfaces.
Here, a hybrid material was prepared for drug delivery appli-
cations exemplified by using two cationic model drugs.
Ibuprofen is a hydrophobic,’® non-steroidal, anti-inflammatory
drug (NSAID) that is administered for the relief of moderate
pain and inflammation.®® On the other hand, salicylic acid
was tested for its bactericidal and antiseptic properties, and is
used in a wide range of pharmaceutical formulations and as
an additive for food and cosmetics.®! In light of the above, the
possibilities of developing a multicomponent hybrid nano-
paper possessing different types of chemical surfaces that can
selectively interact with active species and can sustain, control
and optimize their release on time represent a crucial point.

2. Experimental details

2.1. Materials

Sepiolite was obtained from Vicalvaro-Vallecas deposits,
Madrid (Spain), with >95% purity. Commercialized as Pangel
S9, sepiolite of rheological grade was supplied by Tolsa S.A.
(Spain) and was used as supplied. Halloysite (New Zealand
China Clays) was supplied by Imerys (France). Ibuprofen
sodium salt (IBU) and sodium salicylate (SS) were purchased
from Sigma Aldrich. The solubility of IBU (100 mg ml™") and
SA (100 mg ml™") in water was tested according to Sigma
Aldrich specification sheets. Deionized water (18.2 MQ cm)
was obtained using a Maxima Ultra Pure Water system from
Elga. Sodium phosphate tribasic dodecahydrate (>98%) and
sodium hydroxide (>98%) were supplied by Sigma Aldrich and
phosphoric acid (85%) by Carlo Erba.

The preparation of CNFs used in this work was carried out
through the TEMPO-mediated oxidation of eucalyptus pulp fol-
lowing the procedure described by Fillat et al.®* The resulting
cellulose nanofibers were stored at 4 °C.

2.2. Halloysite nanotube drug loading

The loading of IBU and SA into the HNT lumen was achieved
by following the procedure described elsewhere for similar
systems.®® Pristine HNTs were added to a saturated aqueous
solution of the drugs and then magnetically stirred for ca. 1 h.
In particular, to prepare the SA loaded HNTs, 1 g of halloysite
powder was added to a concentrated solution of sodium-SA in
water. The pH was adjusted to 8 by adding 0.1 M NaOH in
order to optimize the loading efficiency of SA through maxi-
mizing the negative charge of salicylate. Ibuprofen was loaded
into halloysite powder from a saturated solution of IBU
sodium salt at a 2:1 wt ratio. The obtained dispersions were

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9dt03804c

Open Access Article. Published on 03 December 2019. Downloaded on 1/17/2020 5:27:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

transferred to a vacuum vessel and evacuated with a vacuum
pump (P-Selecta Vacuo-TEM). The HNT-IBU suspensions were
subjected to three vacuum cycles to ensure the infiltration of
the HNT lumen.®® The HNT-SA suspension, instead, was kept
under vacuum for 3 hours, and the step was repeated three
times.

Afterwards, the loaded HNTs were separated from the solu-
tion by centrifugation, washed with water and dried overnight.

2.3. Preparation of HNT-SEP-CNF hybrid nanopapers

The ratio (w/w) of HNT, SEP, and CNF was fixed at 1:1:1 even
though many compositions were tested. Typically, SEP (10 mg)
was dispersed in 20 mL of water and mixed with 1 g of a CNF
gel prepared at 1 wt% in water using an Ultra-Turrax (IKA®
T25) homogenizer. Then, 10 mg of pristine HNT were added
and the HNT-SEP-CNF mixture was tip-sonicated (Vibra Cell
VC 750, 13 mm titanium sonication probe) until a total energy
of 1 kJ or 5 k] was achieved. The films were prepared by
casting the mixture in polystyrene Petri dishes followed by
drying in a Climacell EVO 111 L climate chamber for 72 h at
30 °C and 60% relative humidity (RH) to obtain hybrid nano-
papers with a thickness around 20 pm. The samples were
labeled as HNT-SEP-CNF.

HNT-SEP (1:1 w/w), HNT-CNF (1:1 w/w), SEP-CNF (1:1
w/w) and pure CNF films were also prepared by following the
same procedure.

2.4. Preparation of drug loaded HNT-SEP-CNF hybrid
nanopapers

When drug loaded HNTs were used instead of neat HNTs, hal-
loysite was added after the sonication process to prevent any
degradation of drug molecules that could be produced
because of the high energy applied to the system. Moreover, to
achieve a higher HNT dispersion, the system was sonicated
using a simple ultrasound bath (J.P. Selecta) for a few minutes.
The same solvent casting procedure was followed.

2.5. Characterization

SEM analysis was performed on Cr metallized samples by
using a Philips XL 30 S-FEG field emission scanning electron
microscope (FE-SEM). Nanopaper cross-sections were obtained
by cutting the films after immersion in liquid N,. An energy-
dispersive X-ray (EDX) spectroscope coupled to an (FEI NOVA
Nano SEM 230) FE-SEM was used for elemental mapping. The
EDX maps were recorded with a Type SDD Apollo 10 EDAX
detector and the data acquisition conditions were kept con-
stant at a working distance of 6.5 mm with a spot size of
50 pm and an energy of 12 kV, for 4200 counts. Atomic force
microscopy (AFM) was performed in dynamic mode and under
environmental conditions, and this operation provides topo-
graphical images of the surface. A Cervantes instrument from
Nanotec Electrénica S.L. equipped with a PPP-FMR (a strength
constant of 1.5 N m™') and with a resonance constant of 70
kHz was used. The XRD patterns of HNT and SEP powder and
the CNF and HNT-SEP-CNF nanopapers were obtained using
a BRUKER D8-ADVANCE diffractometer with copper Ka radi-
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ation. The voltage and current sources were set at 40 kV and
30 mA, respectively. Diffraction patterns were recorded with a
goniometer speed of 0.5 s per step between 4° and 70° (26).
FTIR spectra were obtained using a Bruker iFS 66VS spectro-
photometer with 2 cm™" resolution. The Young’s modulus of
the hybrid nanopapers was measured with a DMA Q800 appatr-
atus (TA Instruments). The test specimen was cut in a rec-
tangular shape (10 x 6 mm?®) and the tensile tests were carried
out with a stress ramp of 1 MPa min™" at 26.0 + 0.5 °C. At least
three measurements were carried out for each material.

Water sorption isotherms were measured with an Aquadyne
DVS from Quantachrome Instrument. Mass changes due to
water adsorption or desorption were recorded at 25 °C in the
range of relative humidity from 0% to 95%. Halloysite and
sepiolite were analyzed as powder, whereas CNF and HNT-
SEP-CNF hybrid nanopapers were analyzed as films.

Contact angle experiments were performed by using an
optical contact angle apparatus (OCA 20, Data Physics
Instruments) equipped with a video measuring system having
a high-resolution CCD camera and a high-performance digitiz-
ing adapter. The SCA 20 software (Data Physics Instruments)
was used for data acquisition. The contact angle of water in air
was measured by the sessile drop method. The water droplet
volume was 10.0 + 0.5 pL. The temperature was set at 25.0 +
0.1 °C for the support and the injecting syringe as well. From
the data analysis the contact angle and the volume of the drop
were calculated.

Chemical analysis (CHN) was performed using an elemen-
tal analyzer (PerkinElmer, 2400 Series II).

The study of the specific surface area and the pore size dis-
tribution of samples was carried out through recording nitro-
gen absorption/desorption isotherms with a Micromeritics
ASAP 2010 equipment. The samples were degassed at 100 °C
prior to the measurements. From the adsorption isotherm, the
value of the specific surface was deduced using the BET
method. The pore area and volume were analyzed from the
adsorption isotherm using the Barret-Joyner-Hallenda (BJH)
method.

2.6. Release kinetics

The release kinetics of the drug loaded pristine HNT was inves-
tigated in phosphate buffer 0.1 mol L™" at pH = 5 (which better
simulates the skin’s natural pH value). The suspension of the
drug loaded HNT was placed in a shaking incubator (Julabo
SW23) at 37 °C and 150 rpm to establish the equilibrium con-
ditions. At certain predetermined time intervals, 2 ml of the
solution was taken out from each sample, and 2 ml of fresh
PBS was replaced. The samples for analysis were separated by
centrifugation to eliminate light scattering from the halloysite.
The collected supernatant was analyzed by carrying out UV-vis
measurements (Shimadzu UV-1201) at 264 nm for IBU and at
296 nm for SA.
The following formula:®®

3
|
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corrects the concentration of release, where C', is the corrected
concentration, C, represents the nth concentration, V is the
sample volume (2 mL), and Vj, is the total volume.

The release kinetics of the drug loaded HNT-SEP-CNF
hybrid nanopapers was investigated under the same con-
ditions, but a portion of the film was put into phosphate
buffer (pH = 5) and the samples for analysis were taken from
the solution and then separated by centrifugation and
analyzed.

Before recording the release kinetics of SA and IBU from
the loaded HNTs and from the HNT-SEP-CNF hybrid nano-
papers, two calibration curves of the drugs in phosphate
buffer at pH = 5 were determined. Their measured slopes are
21.63 + 0.07 mL mg ' for SA and 1.482 + 0.004 mL mg " for
IBU, respectively.

2.7. Antimicrobial activity

The antimicrobial activity of the SA loaded hybrid nanopapers
was investigated against Gram-negative bacteria Escherichia
coli WDCM 00012 and Gram-positive bacteria Staphylococcus
aureus WDCM 00034 by the disk diffusion method. The strains
were cultured in nutrient broth (Merck, Germany) overnight at
37 °C. Each bacterial culture was swabbed uniformly across
nutrient agar plates (Merck, Germany) and allowed to be
absorbed for 15 min. The discs (6 mm in diameter) of the
hybrid nanopapers were placed aseptically on the surface of
the agar plate and the plates were placed in a 37 °C incubator
for 24 h. The antibacterial activity of the tested samples was
determined by measuring the diameter of the inhibition area
around the discs. Studies of the SA loaded nanopapers were
conducted at pH = 7.0 and pH = 5.5. The discs were loaded
with 10 pL of salicylate solutions in water at various concen-
trations (20 pg puL ™", 2 pg uL™, 1 pg pL7, 0.1 pg pL~7, 0.02 pg
uL ™", and 0.004 pg pL~") (Fig. $6T). The negative controls were
the HNT-SEP-CNF discs without the drug.

3. Results and discussion

3.1. Preparation and characterization of the hybrid
nanopapers

The microscopic features of the fibrous (SEP) and tubular
(HNT) nanoclays and the morphology of the resulting hybrid
nanopapers were first studied by electron microscopy. Fig. 2a
shows that halloysite consists of fine nanotubes with
50-200 nm external diameter. The length of the tubes largely
varies between 100 and 3000 nm. It can also be observed that
these HNT samples contain some kaolinite particles (arrows in
Fig. 2a). It is well known that both alumino-phyllosilicates
(HNT and kaolinite) show a similar structural silica/alumina
arrangement and composition but different morphological
characteristics (tubular vs. hexagonal). Moreover, the microfi-
brous morphology of sepiolite with a fiber length of 0.5-2 pm
and a thickness of ca. 30-50 nm is shown in Fig. 2b. The
typical fibrous morphology of the CNFs was clearly observed
by atomic force microscopy (Fig. 2c). The CNFs consist of
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2-4 nm thick fibers of 300-600 nm in length and the charac-
teristic semi-flexibility is revealed by the fiber kinks between
the crystalline domains (arrows in Fig. 2c).>

The microstructure of the HNT-SEP-CNF (1:1:1 w/w)
hybrid nanopaper was examined from the surface and cross
sectional images of the films. The FE-SEM images show the
presence of all three components though HNTs are more
clearly distinguished due to their larger size (Fig. 3a). It is
noteworthy that the two fibrous components (sepiolite and
CNFs) cannot be easily distinguished at this magnification due
to their morphological similarity and the small width of the
CNF fibers as already reported by Gonzalez del Campo et al.>®
The homogeneous distribution of all three components in the
hybrid nanopaper was confirmed by EDX mapping (Fig. S17).
The surface images reveal a certain nematic arrangement of
the nanofibers (Fig. 3a) which is also visible within the film
(Fig. 3b). In fact, the fracture surface morphology of the film
resembles the stratified layer structure typical of solvent cast
assemblies of nanofibers or nanosheets.®® These observations
are also in agreement with the recently reported tendency of
the CNFs for nematic ordering during film drying from pure
CNF suspensions resulting in a plywood-like nanostructure of
the evaporation-condensed films as a result of the averaging of
the polydomain nematic arrangement of the CNF layers.®” It is
remarkable that the nematic arrangement also prevails in the
multi-component HNT-SEP-CNF hybrid nanopaper and not
only in pure CNF films. The CNFs are characterized by a
squared cross-section®® and the presence of carboxylate and
hydroxyl groups that can partake in hydrogen bond formation
in different directions. In addition, as the density of the car-
boxylate groups varies between the crystalline and disordered
regions along the CNF fiber length,® the nanofiber assembly
leads to a lower degree of lateral alignment. The non-uniform
distribution of the -OH and -COO~ groups along the CNF
length, combined with the nanofiber flexibility provided by the
disordered regions, allows for hydrogen bond formation not
only with the ~OH groups on the side facets of other CNFs but,
more importantly, also with the Si-OH groups present at the
edges of the sepiolite fibers. This explanation is in good agree-
ment with what has already been observed elsewhere on
nematic ordering in a multicomponent system composed of
CNFs and V,0s nanofibers.”®> Eventually, this behavior can
open up possibilities to tailor the texture and microstructure
of complex composite materials with implications of their
mechanical, optical and transport properties.

We studied the film formation by considering the com-
ponents in pairs (¢f Fig. 4b-d) and also by changing the ratio
between all three components in the HNT-SEP-CNF hybrid
nanopaper. It was observed that the 1:1:1 (w/w) ratio gave
better results than the other compositions considering the
macroscopic aspect, film consistency and homogeneity. This is
most likely due to the association between the various building
blocks processed as shown in the scheme in Fig. 1. Hence, the
multicomponent HNT-SEP-CNF hybrid nanopaper was pre-
pared at a ratio of 1:1:1 (w/w), which displayed the best film
forming behaviour (Fig. 4a). Interestingly, not only the compo-
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Homogenization

+ —

CNF

Solvent casting

HNT-SEP-CNF
hybrid nanopaper

Fig. 1 Scheme of the procedures followed for the integration of HNT,
SEP and CNF components leading to HNT-SEP-CNF hybrid
nanopapers.

sition but also the combination of the components had a large
influence on the film forming ability and therefore on their
inherent properties. For instance, the HNT-SEP 1:1 (w/w) did
not form a coherent film but rather an inconsistent, powdery
material (Fig. 4b). Combining CNF with HNT rendered a self-
supported film but with considerable defects (Fig. 4c). In con-
trast, the combination of SEP and CNF at a 1:1 ratio produced
homogeneous films (Fig. 4d) in accordance with previous
studies on CNF-sepiolite nanocomposites.*® From these obser-
vations it can be concluded that the macroscopic aspect of the
films largely depends on the CNF that plays a major role in
providing consistency and mechanical integration to the nano-
papers, while the presence of SEP produced an improved dis-
persion of the components as evident from Fig. 4a (HNT-SEP-
CNF) and Fig. 4c (CNF-HNT). As indicated above, the
increased sepiolite content (for instance 1:2:1, not shown)
also results in non-uniform films undermining the film for-
mation capacity of the CNF.

The microstructure of the films was further analyzed by
X-ray diffraction (XRD) to corroborate possible intercalation
within HNT silicate layers and preferential in-plane orientation
of the fibers. The XRD pattern of the HNT-SEP-CNF hybrid
nanopaper shows that the (001) reflection of halloysite at 12.0°
26 is not displaced. This finding confirms that no intercalation
occurred during the film formation (see Fig. S2f for the
indexed pattern of pristine materials and the HNT-SEP-CNF
hybrid nanopaper). The most prominent reflections of halloy-
site and sepiolite are present, whereas the low intensity reflec-
tions of the CNF are absent, which can be attributed to the
relatively low crystallinity of the CNF. The intensity ratio of the
7.4° 20 and 13.4° 26 reflections in the patterns of sepiolite and
of the HNT-SEP-CNF hybrid nanopaper (see Fig. S2t) changed
from 15.9 to 2.4. It is well-known that a change in the relative
intensity of peaks in a X-ray diffractogram of a given system is
related to the precise orientation of the crystals and, in particu-
lar, in the present case the interactions between the CNF and
sepiolite can lead to preferential orientations of the fibers.>®
Hence, this significant variation in the relative intensity of the
(110) and (003) reflections suggests that the sepiolite fibers
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Fig. 2 SEM micrographs of (a) neat HNTs (white arrows represent the
hexagonal kaolin sheets), (b) neat sepiolite and (c) the AFM image of the
CNF (white arrows represent the fiber kinks). The scale bars in (a) and (b)
refer to 500 nm.

have a preferred orientation within the hybrid nanopaper.
Indeed, as the SEM images in Fig. 3 show, sepiolite seemed to
be well accommodated within the plane of the film, and the
fibers show an orientation that is probably induced by the
interactions between the components.

The CNF-sepiolite interactions were investigated by IR spec-
troscopy to further elucidate their implication on the nematic
ordering of the fibers. Fig. 5 shows the -OH stretching range
(3730-3670 em™') of the collected spectra of the individual
pristine components and the HNT-SEP-CNF hybrid nanopa-
per, respectively. In particular, sepiolite has two bands at 3719
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Fig. 3 SEM micrographs of (a) the surface and (b) the fracture cross-
section of the 1:1:1 HNT-SEP-CNF hybrid nanopaper, respectively.
The scale bars refer to 2 pm.

and 3680 cm™" assigned to the ~OH stretching vibrations of

silanol groups and hydroxyl groups bonded to magnesium
atoms, respectively.>' The Mg-OH band at 3680 cm™" remains
practically unchanged in the spectrum of the hybrid HNT-
SEP-CNF nanopaper as the hydroxyl groups bonded to mag-
nesium atoms are not accessible. However, the band related to
the silanol groups (3719 cm™") disappears, indicating the per-
turbation of these groups probably due to the hydrogen
bonding interaction between Si-OH and the hydroxyl groups
located on the surface of the CNF. In spite of this, certain
interactions with the HNT clay may not be disregarded.
Moreover, the two OH-stretching bands at 3695 and 3620 cm ™
related to the vibrations of the Al,OH groups inside the lumen
of halloysite”® do not show relevant changes in the spectrum
of the HNT-SEP-CNF hybrid nanopaper, suggesting the
absence of interactions of the lumen with SEP and/or CNF.
Thus, the H-bonding interactions between CNF and sepiolite
that were conjectured to partake in the nematic ordering in
the hybrid film are confirmed.
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Fig. 4 Macroscopic aspect of various hybrid films prepared by combin-
ing HNT, SEP and CNF at different weight ratios: (a) 1:1:1 HNT-SEP-
CNF nanopaper, (b) 1:1 HNT-SEP, (c) 1:1 HNT-CNF, and (d) 1:1 SEP-
CNF.

3682

HNT-SEP-CNF

CNF

3680
3719

SEP
3695

Absorbance (a.u.)

HNT
3730 3720 3710 3700 3690 3680 3670
Wavelength (cm™)

Fig. 5 FTIR spectra of the HNT, SEP, CNF and HNT-SEP—-CNF hybrid
nanopaper (3730-3670 cm™ range). The complete spectra are provided
in Fig. S3.1

The mechanical properties of the HNT-SEP-CNF hybrid
nanopaper were evaluated from the stress—strain measure-
ments to estimate the Young’s modulus (Fig. S47). It is note-
worthy that the incorporation of sepiolite decreased the
Young’s modulus of the CNF nanopaper from 3.8 GPa to 1.8
GPa. However, the incorporation of HNTs into the SEP-CNF
significantly enhanced the mechanical properties of the nano-
paper with an increase to 3.2 GPa. These variations in the
mechanical properties can be explained considering that hal-
loysite can act as a reinforcement agent as observed elsewhere
in cellulose films.”*

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Water sorption isotherms of (a) HNT (blue), sepiolite (red), CNF
(green), and HNT-SEP-CNF (black) films. (b) Experimental vs. theore-
tical water sorption isotherms.

The wetting properties of the nanopapers were studied as
they are relevant for topical drug delivery applications. Water
sorption isotherms were recorded as shown in Fig. 6. The
three individual components (i.e. SEP, CNF, and HNT) display
different water sorption profiles (Fig. 6a). For instance, HNT
adsorbs less water than sepiolite. Amongst other factors, this
process is strongly influenced by both the specific surface area
of the solids, i.e. 60 and 300 m> ¢”" in the case of halloysite
and sepiolite, respectively, and the presence of surface
groups.’”*® In particular, the external surface of HNT is consti-
tuted by hydrophobic Si-O-Si groups, whereas sepiolite dis-
plays hydrophilic Si-OH groups at the edges along the fiber
length and the CNF presents a large number of -OH groups
that are strongly hydrophilic. On the other hand, sepiolite and
the CNF, the two fibrous components, show a similar mass
change vs. relative humidity (% RH) value. Concerning the
HNT-SEP-CNF hybrid nanopaper, the isotherm is between the
isotherms of the HNT and SEP/CNF. A theoretical water
adsorption isotherm was determined for the hybrid nanopaper

This journal is © The Royal Society of Chemistry 2019
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Table 1 Contact angle (0), n and k, values of CNF, SEP—CNF and HNT—-
SEP-CNF films

0; n ko (s™)
CNF 50+1 0.48 + 0.04 0.06 + 0.01
SEP-CNF 311 0.54 + 0.09 0.03 +0.01
HNT-SEP-CNF 56+5 0.27 + 0.04 0.38 + 0.09

by a simple numerical addition of the individual isotherms
considering the 1:1:1 (w/w) ratio of HNT, SEP and CNF
(Fig. 6b). This curve coincides with the experimental isotherm
(Fig. 6a), which suggests that the wetting properties of the film
are additive and not affected by the interactions between the
individual components.

The surface wetting properties of the different materials
were also studied by water contact angle measurements on the
films. The data were analyzed by fitting the contact angle 6 vs.
time 7 curve with the following equation:

© =0;exp(—ky ") (2)

where 6; is the contact angle at z = 0, n represents the fractional
values ascribable to the occurrence of absorption and spread-
ing and %, is the rate of the former or the latter process.”" The
fitted data are reported in Table 1.

The contact angle value of the CNF nanopaper is 50°,
whereas the value decreases to 31° in the case of CNF-SEP at a
1:1 weight ratio, confirming the strongly hydrophilic surface.
It was also observed that the HNT-SEP-CNF 1:1:1 hybrid
nanopaper displays a contact angle of 56°. This implies that
the incorporation of halloysite notably decreases the wettabil-
ity of HNT-SEP-CNF. The network of the self-assembled fibrils
and nanotubes is also likely to display air-filled protrusions
due to the increased surface roughness and thus giving rise to
changes in the wettability of these materials. Indeed, similar
observations were reported for polypropylene-HNT nano-
composites, in which the generation of a rough surface caused
by the enrichment with HNT nanoparticles was ascribed to an
improvement in the hydrophobic film properties.”>”?
Moreover, the data fitting of the ©,z curves revealed that both
the spreading and absorption mechanisms of water took place
for the studied nanopapers, that is n = 0 and 1 for pure absorp-
tion and pure spreading, respectively. For instance, the n value
was ~0.5 for the pure CNF and SEP-CNF films and it
decreased to 0.27 for the HNT-SEP-CNF nanopaper, reflecting
a major role in the absorption mechanism of water into the
material.

3.2. Uptake of salicylic acid and ibuprofen by HNT-SEP-CNF
hybrid nanopapers

As mentioned above, the HNT-SEP-CNF hybrid nanopapers
were evaluated as drug delivery systems (DDS) using two
model drugs, SA and IBU, due to their widespread use in
topical applications including injury cure. The SA loading into
HNT was 8.4 wt% as deduced from the elemental analysis,
which shows a similar value as reported for other halloysite-SA

Dalton Trans.
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systems.”? The total amount of IBU loaded into HNT was
5.1 wt%. It is interesting to note that the SA loading at pH 8 to
maximize the negative charge of the drug allowed a larger
amount of SA to be adsorbed on HNT as compared with IBU
loading values.

The FTIR spectra of SA, HNT and HNT-SA were collected to
investigate the possible interactions of SA with HNT
(Fig. S5at). These data indicate that the interaction with HNT
changes the n-electron density of the benzene ring of the sali-
cylate, as inferred from the shift of the absorption bands of
the C=C vibrations from 1597, 1485 and 1468 cm™" to 1606,
1473 and 1463 cm™', respectively. In addition, it was found
that the v,, vibration of -COO~ was shifted from 1582 to
1577 cm™', meanwhile the band at 1377 cm™ of the v
vibration of -COO™ splits into two components, i.e. 1387 and
1375 cm™".”* Moreover, the stretching and bending vibrations
of Ph-OH at 1248 cm™' and 1319 em™' respectively, shift,
which suggests that the phenolic group is involved in the inter-
action between the salicylate and AIOH groups inside the HNT
lumen. For what concerns the IBU-loaded HNTs, the FTIR
spectra (Fig. S5b and ct) show the appearance of the character-
istic bands at 2956, 2925, 2869, 2849 and 1550 cm™* of IBU.””
This is attributed to the successful entrapment of IBU in the
lumen of the nanotube.

The N, adsorption/desorption isotherms for pristine HNT,
salicylate loaded HNT and ibuprofen loaded HNT (Fig. S67)
were collected in order to verify the entrapment of the mole-
cules in the HNT lumen. After loading, the type IV isotherm
persisted but an appreciable reduction in the BET surface
area, pore surface area, and pore volume in comparison with
pristine HNT was observed (Table 2).

After SA loading into HNT, the BET surface area dropped
from 27.3 to 20.2 m*> g~*, the mesopore area decreased from
23.2 to 17.8 m”> g" and the mesopore volume was reduced
from 0.062 to 0.054 cm® g~ This suggests that the SA inside
the halloysite lumen produced a partial pore blockage account-
ing for the BET surface area reduction and the corresponding
reduction in the mesopore area and volume parameters. The
modification of these parameters is more noticeable for
HNT-SA than HNT-IBU reflecting the higher SA uptake.

The release profiles for SA and IBU from the HNT and
HNT-SEP-CNF nanopapers were collected to determine the
release kinetics (Fig. 7).

The profiles show that more than 90% of salicylic acid was
released from HNT within 60 min while less than 80% was
released from the HNT-SEP-CNF hybrid nanopaper during
the same period of time. Moreover, ibuprofen is released from

Table 2 The BET surface area, pore surface area, Spyes, and pore
volume, Vi es, Of pristine HNT, SA loaded HNT and IBU loaded HNT

SBET (mz g_l) Smes (mz g_l) Vmes (cm3 g_l)

HNTSs 27.3 23.2 0.062
HNT + SA 20.2 17.8 0.054
HNT + IBU 24.6 21.9 0.057

Dalton Trans.

View Article Online

Dalton Transactions

1001 a4-a—4|BU SA
g -/AA /HNT
o 901
@ SA
(0]
@ 80 \
o HNT-SEP-CNF
g 101 / IBU
- — N
(D A/
-8 60_ A/

A

= 1A

50 ’ T L2 T x T ¥ T X T L T L T . T

0 30 60 90 120 150 180 210 240
Time (min)

Fig. 7 Release profiles of salicylic acid (SA) and ibuprofen (IBU) from
the loaded HNTs and loaded HNT—SEP—-CNF hybrid nanopaper.

HNT at an even higher rate, while the release rate from the
HNT-SEP-CNF film was considerably lower. Almost 60% of
ibuprofen was released from the film within 60 min vs. 100%
release from HNT. After 4 hours, only ca. 65% of IBU was
released. These observations could be explained by invoking
the very high solubility of the drugs (salicylate and ibuprofen
sodium salts) in water. The solubility of IBU in water is 100 mg
mL ™" while for SA it is 50 mg mL™". This may explain why IBU
is released faster from HNT than SA. In contrast, in the HNT-
SEP-CNF hybrid nanopaper, the release rate of the drug is
lower possibly due to the multiple interactions with the halloy-
site, sepiolite and cellulose nanofibers. In this case, once the
drugs are released from the lumen, the interactions with the
other matrix components are important and determine the
release kinetics. For instance, strong interactions have been
reported to exist between IBU and the nanocellulose,”® which
could explain the slower IBU release kinetics from the HNT-
SEP-CNF hybrid nanopaper as compared to SA. In addition,
the openings of the nanotubes could be partially obstructed by
the particular texture of the film and thus, sustained the drug
release. Moreover, the particular diffusion mechanism of the
drugs inside the nanotube lumen and through the nano-
composite matrix plays an important role. For instance, the
particular position of the loaded drug inside the nanotubes, at
the edges or at the center of the lumen, has been reported to
deeply affect the release kinetics due to the diffusion path of
the guest molecules which is faster in the first case and slower
in the second case.”’

3.3. Invitro antibacterial assay

Based on the sustained SA release from the HNT-SEP-CNF
hybrid nanopapers, the studies of antibacterial activity were
performed to evaluate this new type of delivery system for
topical applications. Therefore, the studies were carried out
against the typically used Gram-negative E. coli and Gram-posi-
tive S. aureus bacteria under neutral and acidic (pH = 5.5) con-

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9dt03804c

Open Access Article. Published on 03 December 2019. Downloaded on 1/17/2020 5:27:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

Fig. 8 Inhibition zone of the salicylic acid loaded HNT-SEP-CNF
hybrid nanopaper against Gram-positive S. aureus at pH = 5.5.

ditions by means of the disk diffusion method.>” The positive
controls for salicylate are displayed in Fig. S6.

It was observed that the SA loaded in HNT and then incor-
porated to the HNT-SEP-CNF nanopaper displays anti-
microbial activity and shows an effect when it is used against
S. aureus at pH = 5.5, as confirmed by the positive controls
(Fig. S7df¥).

The result of the trials is shown in Fig. 8, where the for-
mation of the inhibition zone is clearly observable. Moreover,
its average diameter is in the same order of magnitude of sali-
cylic acid loaded pectin-HNT bionanocomposites” thus, con-
firming the activity of the drug loaded HNT-SEP-CNF hybrid
nanopaper.

4. Conclusions

A new type of biohybrid material processed as a film was pre-
pared by co-assembling nanotubular halloysite, fibrous sepio-
lite, and cellulose nanofibers. The 1:1:1 (w/w) ratio of the
three components was found to render homogeneous and self-
supported films displaying reasonable mechanical properties
and endorsing suitable characteristics for the proposed appli-
cations. Different characterization techniques confirm the
short-range interactions between the organic and the in-
organic components, mainly occurring through hydrogen
bonding between the hydroxyl groups.

The incorporation of HNT allows controlling the textural
and surface chemistry characteristics of the resulting film
including its mechanical properties and the wetting behavior.
For instance, we observed an increased Young’s modulus value
and a less hydrophilic surface for the HNT-SEP-CNF hybrid
nanopaper compared to the SEP-CNF films. The interaction of
HNT, SEP, and CNF renders multifunctional hybrid nanopa-
pers that can be deployed for further functionalization in a
wide range of applications. In this way, they were evaluated as
drug delivery systems using salicylic acid and ibuprofen due to
their conventional use in topical treatments. The results
proved the effective encapsulation of the drugs into the posi-
tively charged HNT lumen and more sustained release kinetics

This journal is © The Royal Society of Chemistry 2019
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for the hybrid nanopaper as compared to the loaded neat hal-
loysite. Furthermore, the evaluation of the antimicrobial
activity studies against Gram-positive and Gram-negative bac-
teria proved the effective inhibition of S. aureus growth at pH =
5.5 confirming the interest of this new type of biohybrid
material in controlled delivery applications. Besides, these
nanopapers also offer interesting possibilities for further
applications in view of the different chemical features and
functional groups of the components.
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ARTICLE INFO ABSTRACT

Keywords: The colloidal stability of halloysite clay nanotubes dispersion is reviewed showing the strategy and the me-
Halloysite nanotubes chanism to obtain stable systems in water and apolar solvents. The selective modification of halloysite inner/
Surfactants

outer surfaces can be achieved by exploiting electrostatic interactions. The adsorption of anionic surfactants onto
the halloysite cavity allows generating inorganic cylindrical micelles that can be separated from the solvent. On
the other hand, the functionalization of halloysite shell by positively charged surfactants drives to obtain stable
water-in-oil emulsions. The interactions with ionic and nonionic polymers alters the dispersability of halloysite
due to electrostatic and steric effects that are strongly dependent on the nanoarchitecture of the hybrid systems.

Modified nanotubes by selective interactions lead to the formation of colloidal systems with tuneable surface
properties and controlled colloidal stability adjusted to the solvent polarity. These dispersions are perspectives
nanocarriers for substances such as antioxidants, biocides, drugs and corrosion inhibitors, to be released in
response to external stimuli.

Colloidal stability
Clay dispersion
Polymers
Biopolymers
Pickering emulsion

1. Introduction

In recent years, nanoclays have been the object of particular interest
for many scientists and researchers in chemistry, physics, engineering
and biology due to their excellent properties as well as their sustain-
ability [1-3]. For instance, they represent the starting point to the de-
velopment of smart materials for drug delivery [4-9], food packaging
[10-12], environmental remediation and wastewater treatment [13],
cultural heritage [14-17] and additives for enhancing the performances
of polymers [18,19]. Due to the large demand of applications, the
physico-chemical properties of nanoparticles, and nanoclays particu-
larly, have been manipulated in order to improve their stability in
aqueous media [20,21]. Since the discovery of carbon nanotubes in
1991 [22], the tubular structure has been widely investigated in other
types of particles including metal nanotubes [23,24], oxide nanotubes
[25,26], semiconducting nanotubes [27], nitride nanotubes [28,29]
and natural clay nanotubes, which have gained interest in the material
science and nanotechnology for their large specific surface, high por-
osity and tunable surface chemistry.

This review will be focused on the strategies to prepare stable dis-
persions of halloysite clay nanotubes (HNTs) that are naturally-occur-
ring two-layered aluminosilicate characterized by a hollow tubular
structure with a spiral conformation (Fig. 1) and unit formula
(AL,Si,05(0H)4nH,0) [1]. The interlayer distance depends on the hy-
dration state being 0.7 nm and 1nm for n = 0 and n = 2 respectively
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[1].

The HNTs size depends on the deposit and varies from 50 to 70 nm
in external diameter, and from 10 to 20 nm diameter for the lumen
[18,31]. The tubes' lengths range within 0.5-1.5pum. The external
surface of HNTs is composed of silicon oxygen tetrahedron meanwhile
the internal lumen consists of alumina oxygen octahedrons [32], so the
outer surface is distributed mainly with Si-O-Si group and the inner
surface is composed of Al-OH [30,33]. Because of the multilayer
structure, most of the hydroxyl groups exist within the lumen and only
a few in the outer surface [34]. Considering the different chemistry in
the inner/outer surface, the former is positively charged and the latter
is negatively charged in water in a pH range between 2 and 8. More-
over, as a widely used environmentally friendly clay material, HNTs
have a good biocompatibility [35] and they are non-toxic as evidenced
by in vivo [36] and in vitro tests [37]. These characteristics make HNTs
excellent vehicles for carrying numerous types of cargos, when nega-
tively charged molecules are sacked into the tube's lumen and positive
ones adsorbed on the tube's outer surface. The colloidal stability of
HNTs is a key point that has been deeply investigated, in order to im-
prove the nanoparticles manageability trough the several possible uses
that could be made [38]. For instance, when stable colloidal dispersions
are reached, both a higher specific surface and a greater cavity area of
halloysite nanotubes could be obtained and extensively used in nano-
catalysis [39-45], nanotemplate [46] and biological controlled release
[47-49]. This purpose was pursued by some different strategies of
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Fig. 1. TEM halloysite image (a) adapted with permission from [3], copyright 2015 Wiley Publ. Modeling of the halloysite spiral ordering (b) adapted with

permission from [30], copyright 2015 American Chemical Society.

manipulation of the physico-chemical properties that range from the
direct study into aqueous media by the selective functionalization of
halloysite outer/inner surface with ionic molecules (surfactants, poly-
mers and biomacromolecules) to the evaluation of HNTs in generating
Pickering emulsions.

2. Halloysite nanotubes in water

Due to their high aspect ratios, the anisotropic nanoparticles can
form liquid crystalline phases, such as those observed for carbon na-
notubes (CNTs) [50-52], graphene oxide (GO) [53,54], cellulose [55],
which are recognized as key potential precursors for the fluid phase
processing of particles into aligned materials with outstanding prop-
erties. Firstly, Luo et al. [56] have studied the liquid crystalline phase of
HNTs in aqueous dispersions. It has been observed that the liquid
crystalline phase starts to form at the HNTs concentration of 1 wt%, and
a full liquid crystalline phase is achieved at the HNTs concentration of
25 wt%. Rheological measurements indicate a typical shear flow be-
havior for the HNT aqueous dispersions with concentrations above
20 wt% and the sol-gel transition occurs at the HNT concentration of
37 wt% [56]. Furthermore, the HNTs aqueous dispersions exhibit pH-
induced gelation with more intense birefringence when hydrochloric
acid (HCI) is added. These findings could facilitate the large-scale
alignments of HNTs in the fluid phase and open the way to make the
long-range ordered structures of HNT-based functional materials, of-
fering the opportunities to uncover the complex phase transition be-
haviors for HNT dispersions with particular topologies [56]. The sedi-
mentation behavior of halloysite in water is rather peculiar and a
simple percolation model can explain it. It has been already observed in
1952 [57] that halloysite aqueous dispersions settle down with a large
sedimentation volume. Recently, [58] this peculiarity has been ex-
plained on the basis of geometric considerations allowing to predict the
nanotubes volume fraction in the sedimentation volume (®) by con-
sidering the contact distance as:

® = R*/1? @

where R and L are the external radius and the length of the nanotubes
[58]. A scheme of the sedimentation behavior with optical image is
presented in Fig. 2.

3. Effect of surfactants on halloysite colloidal stability in polar
and apolar solvents

Amphiphilic molecules are typically used to stabilize nanoparticles
dispersions due to their surface active features. Regarding halloysite
nanotubes, the choice of surfactant in terms of the headgroup charge is
a key factor and it has a profound effect on their colloidal stability. Such
a peculiarity is due to the charge separation in the inner and outer
surface of halloysite.
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Fig. 2. Scheme for the sedimentation volume of halloysite nanotubes.
Halloysite concentration in the stable phase was ® = 0.03.

3.1. Anionic surfactants selective functionalization

It has been demonstrated that the adsorption of anionic surfactants
(e.g. sodium alkanoates) occurs into the HNTs lumen and it increases
the net negative charge of the nanotubes enhancing the electrostatic
repulsions and consequently the dispersion stability [59,60]. It is no-
teworthy that the change of { potential, that becomes more negative,
predicts a better colloidal stability of the hybrid materials compared to
the pristine nanotubes because of the low tendency to aggregate and the
sedimentation is strongly slowed down by the surfactants [60] (Fig. 3).

Moreover, it was observed that the colloidal stability of modified
HNTs is not strictly correlated to the loading degree of the anionic
surfactants into the HNT inner lumen as soon as the inner surface is
fully covered.

However, the very high surfactant content (close to 10%) indicates
the formation of self-organized structures in the cavity, for example
double-layers that maintain the counter-ions and do not contribute to
the charge increase of the nanoparticle and consequently to its elec-
trostatic stabilization [60].

These findings are consistent with the DLVO theory that establishes
that the stability of a colloidal suspension depends on the balance be-
tween attractive van der Waals forces and electrostatic repulsions
caused by the double layer surrounding each particle [61]. Therefore,
both {-potential and width of the electric double layer contribute to the
total repulsive force. This theory also envisages that a large ionic
strength generates a screening of the electrostatic repulsions because of
the reduction of the double layer [60].

Moreover, the structures of pristine halloysite nanotubes and ones
functionalized by anionic surfactants (sodium dodecanoate and sodium
dodecyl sulfate) were investigated by small angle neutron scattering
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The functionalization of HNTs with anionic surfactants
leads to the formation of inorganic micelles with
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Fig. 3. Scheme of HNTs functionalization with anionic surfactants (a) and photographs of pristine halloysite and nanotubes functionalized with sodium dodecanoate
(NaL) in water (b) adapted with permission from [30,59], copyright 2015 American Chemical Society.

(SANS) [62]. These experiments evidenced the structural organization
of the surfactants adsorbed onto the HNT cavity and the influence of
their headgroup, which affects the surfactant organization and, conse-
quently, the hydrophobic character of the HNT lumen and the net
charge [62]. In particular, it was noted that only the carboxylate group
promotes the formation of organized structures, such as densely packed
multilayers of sodium dodecanoate within the halloysite cavity, as seen
from a correlation peak in SANS curves [62].

Finally, the solubilization capacity of these functionalized nano-
tubes toward hydrophobic compounds has been demonstrated.
Accordingly, the surfactant/HNTs hybrids can be considered as in-
organic micelles useful for the solubilization of pollutants and delivery
of compounds from different origin [59,60,62]. As sketched in Fig. 4,
surface tension experiments highlighted the removal capacity of sodium
dodecanoate/HNTs composite towards n-decane. In particular the jump
of surface tension to the value for pure water value indicates the oil
removal from the interface. It should be noted that pristine HNT was
not suitable for oil incorporation while the hydrophobization of the
lumen allowed the solubilization of liquid n-decane.

Literature [63] reports a similar methodology where uniform and
dispersed halloysite nanotubes were obtained using sodium dodecyl
sulfate (SDS). The results indicated that SDS was adsorbed on the HNTs,
which could enhance the dispersibility by the electrostatic effect; in
fact, the zeta potential of dispersed HNTs became larger than that of the
raw ones within the pH ranging from 2.5 to 11.9. The difference is
higher under alkaline conditions, due to the adsorption of SDS mole-
cules by electrostatic forces between surfactant molecules and HNTs,
leading to ion exchange at the alumina surface [64]. Is was also ob-
served that there is no obvious difference between the zeta potential at
different concentration of SDS (1.22 g/L and 1.48 g/L), which suggests
that the well dispersion effect does not depend on the more content of
dispersant confirming the saturation effect. Therefore, the zeta poten-
tial of SDS/HNTs is always more negative than HNTs, and the high zeta
potential is a condition of good colloidal stability of SDS/HNTs.

It was found that also perfluoroalkylated anionic surfactants, when
adsorbed at the inner surface, formed kinetically stable dispersions due
to the enhanced electrostatic repulsions exercised between the particles
and these systems can be used as non-foaming oxygen nanocontainers
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Fig. 4. Surface tension as a function of time for pristine halloysite and halloysite functionalized with sodium tetradecanoate dispersions in the presence of an n-
Decane film on top of the aqueous phase. Adapted with permission from [60], copyright 2014 American Chemical Society.
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in aqueous media [58]. Interestingly, the oxygen release form these
hybrids can be tuned by specific external stimuli [58].

The determination of the translational diffusion coefficient and the
charge of the hybrid materials showed that the concentration effect was
negligible and the functionalized HNTs did not aggregate in water but
they diffuse as single nanotubes [58]. To definitely rule out the pre-
sence of aggregates and to evidence eventual particle—particle interac-
tions, the specific volume, the isoentropic compressibility of HNT and
HNT/surfactants dispersed in water and the pair interaction parameters
were determined. Data reflected that the nanoparticle-nanoparticle
electrostatic interactions are enhanced in the hybrid material in
agreement with the {-potential results.

Above all, the sedimentation of the clay nanotubes assumes a crucial
role in order to understand the colloidal stability and the sedimentation
volume is a key parameter that, at least in water, is controlled by re-
pulsive forces between particles [65]. For instance, the electrostatic
repulsions are caused by the double layer surrounding each particle and
by the particle charge. Therefore, if the particles repel to each other
they remain independent until reaching the closest packing, which will
represent the concentration in the sedimentation volume. If the parti-
cles do not strongly repel to each other, they are sticking together
generating a smaller sedimentation volume [58]. The presence of an-
ionic surfactants strongly affects the concentration of the sedimentated
phase, which corresponds to the critical value above which the dis-
persion is stable because the highest packing of the nanotubes is
reached and shorter distances between the nanoparticles are hindered
by the electrostatic repulsions.

As concerns the hybrid HNT/anionic surfactants, {-potential data
evidenced an increase in the net charge and, therefore, the particle —
particle repulsive interactions shift to longer range increasing the clo-
sest average distance between the functionalized nanoparticles.
Moreover, it was revealed that each mole of adsorbed anionic surfac-
tant neutralizes an equivalent number of positive charges of the inner
lumen thus generating a linear increase in the net negative charge of
HNT and therefore longer range interactions [61].

3.2. Cationic surfactant selective functionalization

Literature reports another easy strategy to obtain stable colloidal
dispersions and it deals with the preparation of inorganic reverse mi-
celles in non-aqueous media based on halloysite nanotubes and cationic
surfactants, such as alkyltrimethylammonium bromides [66]. It is
known that generally, a “reverse micelle” structure possesses a hydro-
philic core and a hydrophobic shell that delineates a nanoscale droplet
of aqueous phase from a nonpolar medium [67]. Because of their po-
sitive headgroup, the cationic surfactants are selectively adsorbed onto
the HNTs external surface endowing to the formation of tubular na-
noparticles with a hydrophobic shell and a hydrophilic cavity. The ef-
fect of the hydrophilic/hydrophobic balance on the properties of the
obtained hybrid materials and their colloidal stability was studied in
solvents with different polarity (water, 1-octanol, chloroform, and
hexane) [66] (Fig. 5).

The first evidence is that the charge of the modified HNTs is strongly
dependent on the hydrocarbon length chain of the surfactant. In par-
ticular, the ¢ potential of the hybrids increases with the tails length of
the adsorbed alkyltrimethylammonium bromide.

This allowed asserting that the enhancement of the surfactants hy-
drophobic character improves the adsorption efficiency due to stronger
tail - tail hydrophobic interaction evidenced by FTIR [59] and, conse-
quently, the neutralization of the HNTs negative sites thus determining
an inversion of the HNTs charge. Dynamic Light Scattering in chloro-
form evidenced that the hybrid materials present a faster dynamic be-
havior compared to the pristine HNTs, in agreement with the en-
hancement of the repulsive interactions between the nanoparticles. In
other words, the very large hydrodynamic radium value for pristine
HNTs in chloroform indicates the aggregation of nanotubes in this
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solvent whereas the presence of the surfactant confers hydrophobicity
to the HNTs outer surface, and consequently, the colloidal stability of
the nanotubes in nonpolar solvents is increased [66]. Briefly, the re-
ported procedure allows to fabricate ecocompatible reverse micelles
with different dispersibility in organic solvents and tunable hydro-
phobic/ hydrophilic interface that might be suitable for industrial or
biological applications and to generate an aqueous nano-pool in organic
media. Recently, this feature was used to confine hydrogel based on
alginate inside the halloysite lumen generating a drug delivery system
with sustained release sensitive to chemical stimuli (Fig. 6).

4. Effect of biopolymers on halloysite colloidal stability in water

Another promising strategy for the preparation of stable colloidal
dispersions is represented by the adsorption of biopolymers via non-
covalent interactions with a resulting improvement in the biocompat-
ibility of HNTs.

It is reported a facile and green method for preparing a supramo-
lecular complex of amylose and HNT in solid state using just mechan-
ical force [68]. The wrapping of amylose onto the HNTs external sur-
face induced the formation of modified nanotubes with a peculiar core-
shell structure. The stability of HNTs and amylose-HNTs in DMSO/H,0
dispersions was studied for 24 h. Pure HNTs fastly precipitated due to
the high density and the long tubular structure of halloysite [69]
whereas the amylose-HNT dispersion showed an excellent stability
being that any sedimentation was observed within 24 h. This behavior
can be related to the high affinity between the polymer and the solvent
mixture. Surprisingly, the stability of the hybrid system was maintained
over a period of two weeks. This was probably dependent on the in-
teraction between amylose and the outer surface of HNT [68].

Recent literature [70] reports studies on the adsorption of three
biopolymers (anionic pectin, non-ionic hydroxypropyl cellulose HPC
and cationic chitosan) onto halloysite nanotubes in water using iso-
thermal titration calorimetry (ITC) to determine the thermodynamic
parameters. ITC data show that the non-ionic HPC has the stronger
tendency to adsorb onto halloysite surfaces while chitosan and pectin
have a comparable affinity. Moreover, HPC presents the largest loading
amount at saturation onto the nanotubes. The entropic contribution for
the polymer adsorption is always negative demonstrating the loss of
configuration freedom upon adsorption. In addition, the combination of
turbidimetry and {-potential experiments provided the stability and the
surface change properties of functionalized nanoparticles at two dif-
ferent pH values in order to understand the influence of the polymer
and HNT charge density on the settling process of the nanotubes.
Briefly, they found that the dispersion stability is dependent on particle
dimensions, charge, viscosity of the medium, and interactions between
components (HNTs/polymer). As expected, the addition of the nonionic
HPC hardly alters the {-potential values and, on the other hand, the
addition of charged biopolymers shifted the {-potential values toward
negative and positive values for pectin and chitosan, respectively [70]
(Fig. 7). Moreover, the changes induced in the (- potential values reflect
the protonation equilibria of the biopolymer. Besides, HPC is the more
efficient polymer in retarding the sedimentation. The {-potential trends
for chitosan- and pectin-based mixtures show that an electrostatic
mechanism of nanotube stabilization exists. As a general feature, chit-
osan is efficient in stabilizing HNT dispersions under acidic pH, whereas
pectin is recommended for the same purpose at basic pH values. In
particular, pectin should adsorb within the HNT lumen onto the posi-
tively charged surface of alumina, altering the overall HNT charge to-
ward more negative values. The opposite occurs for chitosan, which is
selectively adsorbed on the outer silica surface. HPC is in a stretched
conformation at the interface, and therefore its adsorption could be
considered very efficient in creating a steric barrier around the nano-
tubes against agglomeration and precipitations. Finally, the stability of
the dispersions is controlled by the interactions (electrostatic and steric)
between the dispersed particles [70].
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Fig. 5. Scheme of HNTs functionalization with cationic surfactants (a) and partition of pristine and functionalized HNTs between the oil and the aqueous phases (b)

adapted with permission from [66], copyright 2015 American Chemical Society.
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Fig. 6. Release profile of doxycycline from halloysite with hydrophobic shell, and confined hydrogel inside the halloysite lumen (Ca-alg@f-HNT) in water and in
EDTA aqueous solution. Adapted with permission from [9], copyright 2018 American Chemical Society.

The biopolymer charge is also a key aspect in the thermal stability of
dried nanocomposites [11]. As thermogravimetric analysis data show
(Fig. 8), a peculiar effect in the high temperature range is observed. The
mass lost at 700-800 °C are attributed to the dehydroxylation of alu-
mina groups of HNT. DTG thermoanalytical curve of alginate/HNT does
not show the dehydroxylation process in agreement with the idea that
ionic exchange involving alginate COO- groups and Al-OH groups
generates significant structural changes that cancels out the signal. The
positively charged chitosan and non-ionic polymer did not show such a
peculiarity. These results confirms that thermogravimetric analysis is a
powerful tool in the investigation of thermal response, ie temperature
delay of decomposition for composite materials [68-71].

Besides bio-derived macromolecules, the effect onto the colloidal
stability has been studied also taking into account the functionalization
with other types of polymers, for example the temperature responsive
poly(N-isopropylacrylamide) [72,73]. Meanwhile PNIPAAM was
grafted onto the external surface of modified HNT-NH, by an amine
bond, it was found that PNIPA-NHj, selectively adsorb onto the external
surface by exploiting electrostatic interactions at pH = 6. More inter-
estingly the physico-chemical properties of the modified nanotubes in
the polymer/HNT are deeply changed in comparison with the pristine
nanoclay, thus evidencing a transferring of the thermo-responsiveness
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from polymers to halloysite in the hybrid system [72]. Since the dis-
persion are stable under the Lower critical solution temperature (LCST)
and unstable above it, this allowed to prepare very versatile systems
where the temperature of the colloidal stability can be controlled in
order to have external-stimuli triggering solubilization and delivery of
hydrophobic compounds. The PNIPAAM/HNT system was loaded with
curcumin providing a biocompatible and thermosensitive system for
targeted release of active species in the intestine [73].

Lee at al. [74] reported the synthesis of HNT-based supramolecular
complexes by the wrapping of DNA to the surface of halloysite. It is
observed that pristine HNTs are insoluble in water, but they become
highly water dispersible after interacting with DNA. It is reported that
the interaction between DNA and HNTs induces a reorientation of the
phosphate groups in DNA and an association of the phosphates in DNA
with the outer surface of the nanotubes, which is composed of silica.
Thus, - interaction is supposed to be a critical force to determine the
interaction between DNA and the outer surface of HNTs [74]. Most
likely, this interpretation should be revised being that the enhanced
colloidal stability is due to the neutralization of the inner positive
charge that drives to an increase of the total net negative {-potential
enhancing the particle — particle repulsions.
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5. Pickering emulsion

Emulsions are dispersions of one liquid in another immiscible liquid
in the form of small droplets. Typically, these systems are stabilized by
the addition of emulsifiers that can be either surfactants, or solid par-
ticles. For instance it is known that interfacially-active solid particles
can act as emulsifiers for stabilizing oil-in-water, as reported by the
pioneering studies of Ramsden and Pickering [75], from which the
name derives. In recent years, several experimental and theoretical
studies have been carried out on solids-stabilized emulsions to under-
stand the factors that affect the stability and the structure of the in-
terface [76,77] for application in food and materials science.

Owoseni et al. [78] reported the halloysite effect in stabilizing oil-
in-water emulsions. On this basis, HNTs can be considered as inter-
facially-active vehicles for delivering oil spill treatment. They evi-
denced that the increase of HNTs concentration leads to the formation
of more stable emulsions. The formation of a rigid and protective in-
terfacial film by the adsorption of HNTs at the oil-water interface
provides steric hindrance to drop coalescence [79] (Fig. 9). Since
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Fig. 8. DTG curves of the polymers (blue for methylcellulose, black for alginate,
red for chitosan) containing 50 wt% of HNT. Adapted with permission from
[11] copyright 2016 American Chemical Society. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

surfactants and interfacially-active particles can act synergistically to
stabilize the emulsion, HNT were loaded and it was observed that the
adsorption of surfactant molecules at the emulsions interface serves to
lower the interfacial tension while the adsorption of particles provides a
steric barrier to drop coalescence [78,80].

Similar observations were found by von Klitzing et al [81]. They
prepared hydrophobized halloysite nanotubes for model petroleum and
dodecene emulsification demonstrating the suitability of these systems
for catalysis. They observed that an increase in halloysite concentration
drives to denser packing at the oil/water interface, which stabilizes the
droplets against coalescence allowing their architectural control. The
oil-in-water emulsions allowed an efficient hydroformylation reaction
using an aqueous Rh-catalyst. This gave efficient dodecene conversion
to tridecanal with a simple aqueous catalyst separation from the pro-
duct [81].

Besides, these systems were studied also for oil spill bioremediation
exploiting the bacterial proliferation on HNTs [82]. It was observed
that the oil/water interface is roughened and the oil degrading micro-
rganisms are linked to these oil droplets better than to the ones without
halloysite. The presence of halloysite enhances the metabolic activity
demonstrating that HNTs-based dispersant systems are environmentally
friendly and promising formulations to achieve ‘bioremediation’
through degradation of spilled crude oil [82].

6. Conclusions and perspectives

In this review, we summarized the current strategies that are fol-
lowed in order to create stable colloidal dispersions of halloysite clay
nanotubes. In particular, they range from their own liquid crystalline
behavior in water to the selective functionalization of inner/outer
surface by using differently charged molecules such as surfactants,
polymers, biopolymers. Several advantages rise up from these methods,
such as the possibility to obtain highly stable systems, reverse micelles,
Pickering emulsions that can be applied for pollutants removal, oil spill,
catalysis and controlled drug release.

Moreover, it is well known that the sample of halloysite could
contain impurities (kaolinite above all) and could present high poly-
dispersity in sizes. In this regards, this review represents a relevant
background for designing separation and purification routes. In fact,
one of the crucial challenges for further research in halloysite could be
the “selective sedimentation” of nanoparticles of different length/ra-
dius in order to obtain halloysite samples with a reduced polydispersion
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Fig. 9. Cryo-SEM images of HNT emulsions with oil showing halloysite on oil-water interface (a, b) adapted with permission from [82] copyright 2018 Elsevier and
(c), scheme of the Pickering emulsion droplet adapted with permission from [78] copyright 2014 American Chemical Society.
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Featured Application: The review is focused on the stabilization of nanotubular materials
in solvent media. This aspect is a key starting point for any application of nanotube-based
formulations for pharmaceutical and industrial applications.

Abstract: Inorganic nanotubes are attracting the interest of many scientists and researchers, due to
their excellent application potential in different fields. Among them, halloysite and imogpolite, two
naturally-occurring aluminosilicate mineral clays, as well as boron nitride nanotubes have gained
attention for their proper shapes and features. Above all, it is important to reach highly stable
dispersion in water or organic media, in order to exploit the features of this kind of nanoparticles
and to expand their applications. This review is focused on the structural and morphological
features, performances, and ratios of inorganic nanotubes, considering the main strategies to prepare
homogeneous colloidal suspensions in various solvent media as special focus and crucial point for
their uses as nanomaterials.

Keywords:  colloidal stability; nanoparticle dispersion; halloysite; imogolite; boron
nitrides; nanotubes

1. Introduction

Since carbon nanotubes were discovered in 1991 [1], the nanotube structure has garnered
interest and has been widely researched in other types of particles, like metal nanotubes [2,3], oxide
nanotubes [4,5], boron nitride nanotubes [6,7] and nanotubular clays, to study the characteristics of
tunable chemistry, surface area, and porosity.

The need to reach homogeneous particles dispersion in different solvent media represents one
of the main conditions for the use and applicability of those systems [8]. With this aim, this review
will be focused on the colloidal stability of inorganic nanotubes, as well as on the most used strategies
to prepare well-dispersed suspensions. In particular, these aspects will be investigated for halloysite
nanotubes (HNTs) [8], imogolite nanotubes (INTs) [9], and boron nitride nanotubes (BNNTs) [10].

Halloysite nanotubes are composed of a silicon oxygen tetrahedron and alumina oxygen
octahedrons forming a kaolinite-like sheet that rolls up, giving the clay its own hollow tubular structure
(Figure 1a) [11,12]. Since the lumen and the external surface are chemically different, they are positive
and negative in water, respectively, in the 2-8 pH range [13]. HNT size varies with respect to the
natural origin, ranging from 0.5 to 1.5 um in length, within 50-70 nm for the outer nanotube diameter
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and 10-20 nm for the internal diameter [14]. Moreover, they have biocompatibility [15] and show no
toxicity in vivo [16] and in vitro [17]. These characteristics make HNTs excellent smart materials for the
most diverse applications—for example: food packaging [18-20], drug delivery [21-26], environment
remediation and wastewater treatment [27], cultural heritage [28-32], and additives for enhancing the
performances of polymers [14,33].

Imogolite, firstly observed in volcanic soils, is another natural aluminosilicate whose shape is
nanotubular, with an external diameter of about 2 nm; its length can be expressed in micrometers [34].
INTs are always arranged into bundles, so it is not possible to observe a single nanotube, but rather a
network of bundles (Figure 1b) [35]. Their structure, proposed by Cradwick in 1972, is very similar
to halloysite, namely a layer of orthosilicate tetrahedra overlapping a layer with an aluminum in a
dioctahedral configuration [36]. INTs are considered the clay counterpart of carbon nanotubes, and
they are very similar if dimensions, aspect ratios, and rigidity are considered [9]. Moreover, imogolite
nanotubes are easily synthesized using hydrothermal techniques, without purification steps to do
post-synthesis, and they form stable colloidal suspensions in aqueous solvents [34,37].

The good monodispersity of INTs has motivated researchers to investigate their formation
process. Preparation routes for imogolite were developed very quickly. For instance, the possibility
of controlling their structure and chemical nature makes them very interesting nano-platforms for
various applications [37].

BNNTs were predicted in 1994 [38], and first prepared by Chopra et al. [39] in 1995 as carbon
nanotube inorganic analogs, by alternating boron and nitrogen instead of carbon, almost without
changing the atomic spacing of the graphite-like sheet [10,38]. The key parameters that influence both
the length and size of BNNTs are temperature, catalyst, and boron precursor, as well as duration of the
heating process [10]. The external diameter varies from 4 to 300 nm, usually reaching 30-100 nm, and
the tubes’ lengths are in the range of 500 nm to 1 mm, usually 5-10 um [10]. Moreover, by changing
the condition of synthesis, a single-walled BNNT, a double-walled BNNT, or a multi-walled BNNT
can be prepared [40]. Although they are very similar to CNTs, BNNTs show greater mechanical
(Young’s modulus of 1.2 TPa) [41], and excellent chemical [42] and electrical properties [43]. One of
the critical points for the applications of BNNTs, as well for CNTs, is their very poor dispersibility in
water and apolar media. Being hydrophobic, BNNTs tend to aggregate and precipitate in about 1 h
in aqueous media [44]. Therefore, they can be exploited in the biological field after an appropriate
noncovalent [45,46] or covalent [47] modification, which can increase their dispersibility in water.
BNNTs were used as smart materials [7], drug [47] and gene delivery systems [48], biomaterials [49],
sensory systems [50], as well as hydrogen storage [51].
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Figure 1. SEM images of (a) halloysite, (b) imogolite and (c) boron nitride nanotubes. Adapted from
References [7,35,52].
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2. Halloysite Nanotubes

2.1. Colloidal Stability in Water

The colloidal stability of HNTs is a crucial aspect that has been investigated with the aim of
improving nanoparticle use and range through several possible applications [8]. HNTs" aqueous
dispersions can form liquid crystalline phases when high concentrations are approached [53].
Moreover, the transition can be controlled by pH, providing an interesting system for obtaining
birifrangent materials under controlled chemical stimuli [53]. In light of that, different strategies for the
manipulation of chemico-physical properties into aqueous media are pursued by the most appropriate
functionalization of halloysite internal or external surfaces by electrostatic interactions with differently
charged surfactants or polyelectrolytes.

Bertolino et al. [54] reported studies on the adsorption of three biopolymers that possess a
different charge—namely positive chitosan, neutral hydroxypropyl cellulose (HPC), and negative
pectin—onto halloysite nanotube surfaces in an aqueous environment. It was found that the dispersion
stability depends on the charge of particles and their dimensions, as well on the viscosity and
inter-particle interactions. For instance, the (-potential values are not deeply modified by adding
the nonionic HPC; meanwhile they are shifted toward more positive or more negative values by
the addition of charged biopolymers, namely chitosan and pectin, respectively [54]. Generally,
(-potential experiments are conducted to evaluate the surface properties and stability of functionalized
nanoparticles, in order to understand if the charge density of both HNTs and polymers can influence the
precipitation process. It was observed that HPC strongly delays sedimentation; meanwhile, chitosan
and pectin stabilize nanotube dispersion at acidic and basic conditions, respectively. Pectin interacts
with the HNTs’ positive lumen and it decreases the HNTs” negative net charge. Chitosan, however,
interacts on the outer surface. The HPC mechanism is completely different, because it is adsorbed and
it creates a steric barrier that avoids agglomeration and settling [54].

Lee at al. [55] reported the preparation of HNT-based supramolecular complexes by the wrapping
of DNA onto halloysite. It was observed that HNTs become highly dispersible in water after their
interaction with DNA, because the phosphate groups of DNA are re-orientated and can interact with
the silica groups on the external surface of HN'Ts. Most likely, the enhanced colloidal stability is due to
the neutralization of the inner positive charge, leading to an increase of the net negative (-potential
and particle-particle repulsions. These findings are confirmed by more recent studies on anionic
surfactants and bio-polyanions (pectins) [54,56].

The effect on the colloidal stability of halloysite nanotubes has been also studied,
considering the functionalization with thermosensitive polymers, namely poly(N-isopropylacrylamide)
(PNIPAM) [57,58]. It was observed that PNIPAM interacted with the external surface of HNT
and PNIPAM-NH, (amine terminated poly(N-isopropylacrylamide)) was adsorbed onto the
external surface. Moreover, halloysite nanotubes changed their properties within the polymer/HNTs
in comparison with the neat clay, thus indicating a transferring of the thermos-responsiveness from
polymers to halloysite in the hybrid system [57]. Furthermore, since the dispersions were stable
only under the “critical temperature”, this allowed for preparing systems where the temperature
can be tuned in order to have external stimuli-responsive solubilization and delivery, providing a
biocompatible and thermosensitive material for the targeted release of active species [58].

Amphiphilic molecules are often used to stabilize nanoparticle dispersions, exploiting their
functional groups. The choice of the surfactant in terms of the headgroup charge is a key factor, and it
has an important effect on the colloidal stability of halloysite because of its differently charged surfaces.

For instance, it has been demonstrated that the adsorption of surfactants that are negatively
charged (e.g., sodium alkanoates) onto the internal surface of the nanotubes increases their
overall negative charge, and thus enhances both electrostatic repulsions and colloidal stability
(Figure 2) [56,59].
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The change of the  potential, which becomes more negative, predicts a better dispersibility of
the hybrid materials in comparison with the neat clay. The sedimentation process is strongly slowed
down by the surfactants [59].

According to the DLVO (Derjaguin-Landau-Verwey-Overbeek) theory, colloidal stability is
influenced by the balance between attractive and repulsive van der Waals forces coming from the
double layer that surrounds each particle [60], meaning that experimental results are consistent with
the theory.
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Figure 2. Halloysite nanotubes (HNTs) and surfactant-functionalized HNT dispersions (1 wt %) in
water: photographs and transmittance as a function of time. Adapted from [56].

Moreover, the structure of neat HNTs and negatively charged surfactant-functionalized nanotubes
were studied by small angle neutron scattering [52]. The importance of both the structural organization
of the surfactants and their headgroup was shown. In particular, it was noted that sodium dodecanoate
is organized in a densely packed, multilayer structure within the halloysite cavity, and is promoted by
the carboxylate groups, as seen from a correlation peak in SANS (Small Angle Neutron Scattering) [52].

Finally, these inorganic, micelles-like hybrid materials can be used to solubilize and deliver species
of a different nature in water, thus exploiting their sustainable and biocompatible properties [52,56,59].

It was also found that perfluoroalkylated surfactants, when adsorbed at the internal surface,
created stable suspensions, and these systems can be exploited as nanocontainers of non-foaming
oxygen in aqueous media for gas delivery by external stimuli [61].

More interestingly, it was shown that the concentration effect was negligible and that the hybrid
materials did not associate; however, nanotubes diffuse as single particles [61].

Lun et al. [62] reported a method where sodium dodecyl sulfate (SDS) was used to prepare
uniform and stable halloysite nanotubes dispersions. The ¢-potential values of an HNTs/SDS system
became more negative than those of the neat clay, indicating that SDS is adsorbed on the inner surface,
enhancing the dispersibility by electrostatic effect. It was observed that the dispersibility is not effected
by the content of the dispersant, thus confirming the saturation effect.

2.2. Colloidal Stability in Organic Media

Another crucial aspect is the preparation of stable colloidal dispersions of halloysite nanotubes
in organic media. Chang et al. [63] prepared a complex of amylose and HNT by co-assembly in a
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solid state. In particular, it was found that the amylose interacts with the outer surface of HNTs,
wrapping them. The stability of pristine nanotubes and amylose-HNT dispersions in DMSO/H,0
were observed for 24 h, and the precipitation of HNT occurred at 0 h [63]; whereas, since the solution
of DMSO/H,0 is a good dispersant for the organic moiety, the amylose-HNT was well dispersed in
the solution, and no precipitation was found for 24 h [64]. This was most likely due to the interactions
between amylose and the external surface of HNTs [63]. Literature also reports another strategy
to obtain stable colloidal suspensions, which is the preparation of inorganic reverse micelles in
non-aqueous media based on halloysite nanotubes and cationic surfactants [65]. It is known that
a reverse micelle is constituted by a hydrophobic shell and a hydrophilic cavity, which create an
aqueous nano-droplet in a nonpolar medium. Cationic surfactants interact with the negative outer
surface of HNTs, thus creating nanoparticles with a hydrophobic jacket and a hydrophilic cavity.
The action of the colloidal stability of the obtained hybrid materials was investigated in solvents
with different polarity [65]. Firstly, it was observed that the length chain of the surfactant strongly
influences the charge of modified HNTs. For instance, when the tail length increases, the same happens
to the ¢ potential of the hybrid materials, due to the strong hydrophobic interaction between tails, as
evidenced by FTIR [56]. Moreover, the hybrids present faster dynamics compared to the neat nanotubes,
as evidenced by DLS (Dynamic Light Scattering) measurements in chloroform, thus reflecting the
enhancement of electrostatic repulsions. The external surface of nanotubes is more hydrophobic, due
to the presence of the surfactant, resulting in an increase of the colloidal stability of the nanotubes
in nonpolar solvents [65]. In a few words, this procedure allows the fabricating of ecocompatible
reverse micelles with different dispersibility in organic media and tunable hydrophobic/hydrophilic
interfaces, thus available for industrial or biological applications.

3. Imogolite

Concerning imogolite nanotubes, although their formation mechanism has been extensively
investigated and described in recent literature [66], their stability in aqueous suspension was not
deeply investigated. On the other hand, Paineau et al. [9] firstly observed that INTs show a
liquid-crystal phase, columnar in particular, at low concentrations (~0.3%) with low visco-elasticity
and that is aligned under an electric field.

As expected, INT suspensions form a nematic phase at lower concentrations [67]. Contrarily,
the columnar phase, which can be seen in suspensions of other rod-like particles, was only observed
at large volume fractions (10-70%) [68-70]. Meanwhile the columnar phase of INTs is presented at
concentrations that are two orders of magnitude lower (Figure 3) [9].

Figure 3. Schemes of (a) isotropic, (b) nematic, (¢) columnar, and (d) smectic phases in

imogolite suspensions. Photographs of (e) both isotropic and nematic phases in sedimented
spindle-shaped nematic droplets; and (f, g) the columnar phase, obtained with single-walled
Si-imogolite nanotube (INT) suspensions. Scale bar, 200 mm. Adapted from [9].
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Such a difference is most likely due to the high aspect ratio of imogolite, which favors the nematic
phase [67]. The large intensity of the electrostatic repulsions between charged linear objects is strongly
evidenced by the ordered positions of the charged INT, which stabilizes the columnar phase at very
low concentrations [9].

These results could present important implications for the physics of suspensions of charged
rod-shaped nanoparticles, and could be used for the preparation of ordered nanocomposites, as well
for biophysics, in order to understand the behavior of rod-like biopolymers suspensions.

Moreover, it was observed that imogolite forms sediments at an alkaline pH, even if the net charge
is highly negative, and this leads to fibrous particle aggregation to form thick bundles [71]. To clarify
this aspect, Ma and Karube [72] measured the charge features of INT by calculating the intensity of the
electric field at the external surface, considering the model of imogolite structure and the Gauss’ law.

It was calculated that the field intensity, due to the charge at the external surface of INTs, is half
that at the internal surface. It was impossible to explain the flocculation, because the cation exchange
capability (CEC) of imogolite was high under alkaline conditions. For instance, assuming cation
distribution inside the tube, or inner cation exchange, the measured CEC would correspond to the
negative charge at the inner surface, and the electric field intensity at the external surface would
become half that at the internal surface [72]. This means that the electric field, due to the negative
charges, would be balanced by the counter-ions that entered the tube, and the external surface would
be neutral, thus explaining that imogolite flocculates at alkaline pH and its dispersed at the point of
zero net charge, or at pH = 6.0 [72].

4. Boron Nitride Nanotubes

To improve dispersion stability, numerous methods to functionalize BNNTs were used [10,45,73].
These methods can be organized into three groups: (1) noncovalent, (2) covalent modifications, and
(3) alternation in BNNTs (fabrication of defect sites, insertion of the amino groups, and transformation
of the amino groups) (Figure 4).

BNNTs . . y
Functionalization
Alternation
Noncovalent — in BNNTs
Functionalization e *ammonia plasma irradiatior
! 3 Functionalization 3 ! g
Interaction with mechanical milling
*positively charged agents *by glutaraldehyde and following *iminoborane
iR i functionalization *alcoholis
*molecuules with groups *peroxida_nion *hydroxylation by H2O2
that able to m-stacking interactions *acylation

*fabrication of the grafted
polymer brushes

Figure 4. Different approaches for functionalization of the boron nitride nanotubes (BNNTs).
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Noncovalent reactions are the most frequently used approach for the surface functionalization of
BNNTs [73]. However, only positively charged agents (e.g., poly-L-lysine and poly-ethyleneimine),
organic amines, or chemical species able to make m-stacking and hydrophobic interactions
showed good results [73]. Synthetic structures with aromatic rings (2-naphthalenecarboxylic acid,
9-anthrancecarboxylic acid, 1-pyrenecarboxylic acid, 1-aminopyrene, and 1-hydroxypyrene) [74] and
polymers containing aromatic subunits, polyaniline, poly(p-phenyleneethynylene), polythiophene,
poly(xylydienetetrahydrothiophene) and poly(sodium styrene sulfonate) [73,75] interacted with
the sidewall of BNNTs via 7-m stacking and created stable dispersions. It was shown that
poly(p-phenylene) derivatives have the most interesting potential to disperse BNNTs among studied
polymers [75].

Another simple way to prepare stable colloidal dispersions of BNNTs in organic solution or
aqueous media is to obtain boron nitride nanotubes with NHj or organic amines [76] or amino acids
(glycine), and coat them subsequently with biopolymers [77]. The glycine has two roles: its amine
group interacts with the B-sites of nanotubes, binding with them; meanwhile, its carboxylic acid group
is an ionic site for anchoring polyelectrolytes. Unexpectedly, BNNTs were effectively dispersed in
water using arabic gum (hydrophilic polymer), where the hydrophobic part of the polymers had
strong hydrophobic interactions with BNNTs and the hydrophilic part was exposed to interactions
with water molecules [78]. Other examples of the fabrication of the stable BNNT dispersions are
modification of the BNNTs, using peptides [79], nucleotide [80], DNA [81], doxorubicin and folate [82],
and lipids [83]. The most stable dispersions in water were obtained for the flavin mononucleotide,
a derivative of vitamin B, containing an aromatic structure interacting with BNNT via -7 stacking [80].
In addition, flavin mononucleotide-functionalized BNNTs showed high visible light emission, and
were stable for different pH and temperature values. A new approach to disperse the BNNTs was
recently demonstrated [6], in this case via a layer-by-layer deposition of hydroxylated BNNTs with
polyelectrolytes onto Saccharomyces cerevisiae cells.

Different methods of covalent modification of BNNTs have been developed to create colloidal
dispersions in both aqueous media and organic solvents. This functionalization can be done by
exploiting the -NH, and -OH groups of boron atoms [46,84-86]. Covalent modification of the
hydroxylated BNNTs with glutaraldehyde, followed by functionalization with oligonucleotides [87]
and carbohydrates [88] are described. Zettl developed a new functionalization route by linking stearoyl
chloride with amino groups onto BNNTs [84]. A similar approach was realized with hydroxylated
BNNTs esterified by perfluorobutyric acid or a thioglycolic acid [88]. Another easy approach for
covalent derivatization of nanotubes with organic peroxides was proposed [89], and the functionalized
BNNTs were able to form the stable dispersion in chloroform.

Nowadays, one of the most interesting procedures for nanomaterial functionalization is to
prepare grafted polymer brushes [7,90] (Figure 5a). In this route, the nanotubes are covalently
functionalized with polymer brushes through surface polymerization. In particular, BNNTs were
covalently modified with hydrophobic polystyrene or polyglycidyl methacrylate polymer brushes [90].
The modified nanotubes displayed high dispersibility in a large number of organic media. In the work
of Kalay et al. [7], BNNTs functionalized with the thermo-responsive poly(N-isopropylacrylamide)
(PNIPAM) were fabricated, and were dispersible in water (Figure 5b). It was also shown that the
hydrodynamic radius of these systems decreased two-fold at around 32 °C (Figure 5c). In addition,
BNNTs were functionalized by other grafted polymer brushes, similar to other works [91,92].

The modification of nanotubes on their amine groups is widely used, because the amine
groups exist at the ends and as defects of BNNTs. Moreover, other -NH; groups were also
created on the nanotube surfaces with ammonia plasma irradiation [84]. Amine-functionalized
BNNTs after sonication in chloroform exhibit significantly better dispersibility than pristine BNNTs.
Other mechanisms of functionalization by amine groups use mechanical milling of the boron nitride
nanosheets [93] or iminoborane, which increases the defects density due to cleavage of B-N bonds and
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to the expansion of BN rings [94]. In addition, a prospective method to create stabile dispersion in
water is the hydroxylation of BNNTs in HyO, solution for 48 h at 110 °C [86,87].
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Figure 5. Fabrication of stable dispersion of the functionalized BNNTs (a), supernatants obtained after
the water suspensions of native and PNIPAM-functionalized BNNT centrifugation (b), and Z-average
diameters of the neat and PNIPAM-functionalized BNNTs at different temperatures (c). Adapted
from [7].

5. Conclusions and Perspectives

It is clear the importance of nanotubular inorganic structures for their characteristics of high
surface ratios, porosity, and tunable chemistry. Halloysite, imogolite, and boron nitride nanotubes
are among the prospective tubular materials for industrial applications. In particular, they are
considered safe materials for living organisms. Although they present a similar morphology, their
chemical structure and properties are different. Chemical composition of HNTs and INTs are very
similar; the surface chemistry is dominated by hydroxyl groups that make them hydrophylic. In the
contrast, native BNNTs are superhydrophobic, and cannot be dispersed in most organic solvents or
in aqueous media. BNNTs show greater mechanical properties (Young’s modulus of 1.22 TPa) than
HNTs and INTs (Young’'s modulus of 140-390 GPa). Another interesting aspect is the pH effect on
surface charge. The dielectric properties of aluminum and silicon oxides in HNTs and INTs are different.
Because these nanotubes undergo ionization in aqueous media in an opposite way, they generate
tubes with oppositely charged inner and outer surfaces. Information on BNNT ionization is limited; in
relation to chemical structure, we can assume that BNNTs can be ionized at a low pH, but this aspect
should be investigated in detail. In addition, HNTs and INTs can be easily modified using hydroxyl
groups on the outer surface, while BNNTs are chemically inert enough.

In this review, we report the main aspects of the colloidal stability of hollow-shaped nanoparticles
in both aqueous and organic media, as well as the main strategies to prepare homogeneous and
stable suspensions ranging from selective functionalization with charged molecules like polymers,
biopolymers, and surfactants to pH dependence in water. These are crucial points for the preparation
of a new class of smart hybrid nanomaterials with a wide class of applications, like drug delivery,
catalysis, food packaging, environmental treatment, and cultural heritage.
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