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The use of synthetic materials and the attention towards environmental hazards and toxicity impose the
development of green composites with natural origins. Clay is one of the candidates for this approach. Halloysite is
a natural clay mineral, a member of the Kaolin group, with characteristic tubular morphology, usually named
halloysite nanotubes (HNTSs).

halloysite nanotubes biocompatibility drug delivery system

| 1. Introduction

As emerging materials, nanomaterials have attracted much attention over the years due to their small size, but also
due to the countless properties that distinguish them. In fact, the nanometric dimensions of material make it
assume particular and different chemical-physical properties compared to conventional materials. These different
properties, determined by the chemical composition, structure, surface, and increase in surface reactivity in relation
to volume, solubility, and state of aggregation, have raised questions about potential human health and
environmental risks . In the past few years, there has been a growing interest in research aimed at the
development of new organic or inorganic nanocomposites [ZIBI4IEl The attention of the scientific community has
been drawn by nano clays, thanks to their natural origin, worldwide abundance, availability, biocompatibility, and
sustainability [BIJE]. Halloysite, largely known as halloysite nanotubes or halloysite nanotubes (HNTs), is a natural
mineral clay composed of alternating layers of silica and alumina geologically laminated in mesoporous tubular
particles with significant adsorption and loading capabilities [2l. Compared to other tubular nanomaterials, HNTs
show some advantages in terms of processability and hydrodynamic properties 19, In fact, for many years, much
attention was focused on carbon nanotubes (CNTs) LL12I18][14] ' showing that these nanotubes have a high cost,
lower water dispersibility, and higher toxicity than HNTs 22, The physicochemical properties of HNTs were fully
described, disclosing their potential for various applications such as biomedicine and catalysis [L8IL718I19]  HNT-
based composites are gaining interest in research aimed at the development of biomaterials for drug delivery

vehicles in nanomedicine 29,

| 2. Halloysite Nanotubes

Halloysite is a two-layered aluminosilicate with a chemical composition similar to kaolinite (chemical formula:
Al,Si,Os (OH)4-nH,0) 222 and a hollow tubular structure in the sub-micrometre range 23241125126 Hg|loysite
was first described in 1826 by the French chemist Pierre Berthier and was later given its name in honour of the

Belgian geologist Omalius d’Halloy, who found it in the deposits of Angleur, Belgium [ZZ. Natural tubular halloysite
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clay has attracted great interest in materials development because it is one of the few inexpensive hanomaterials
available in thousands of tons at a low price 2829, The nucleation of halloysite crystals occurs in different parts of
the world, because of rock erosion due to weathering, pedogenesis, and hydrothermal alteration of ultramafic rocks
(3931l New Zealand, Belgium, Brazil, France, China, Australia, and Turkey are rich in deposits of halloysite, and it
has been shown that with the variation of the deposits it is possible to observe different characteristics that are
maintained within the same deposit. Halloysite is defined as a 1:1 phyllosilicate in which a planar layer of
tetrahedral silicates alternates with an octahedral geometry layer; these layers are bound together by oxygen
bridges 2. The fundamental unit for the octahedral sheet consists of three octahedrons. In particular, the siloxane
groups are bonded via only one oxygen atom to octahedral rings at the outer part and the apical oxygen of
tetrahedra becomes the vertices of octahedra [23l. However, under certain geological conditions, halloysite can also
take on forms other than classical tubular. It is also possible to distinguish a spheroidal morphology, flat and almost
rolled B4I33l |n the “Dragon Mine” deposits of Utah (USA), halloysite is characterized by a good degree of purity
and looks like a white stone that can easily be transformed into soft, fine powder. In some deposits, the presence of
metals as contaminants induces a colour change that becomes yellowish or brown 9. Transmission electron
microscopy (TEM) structural analysis has shown that halloysite with predominantly tubular morphology and
heterogeneous dimensions is present in New Zealand, the United States, and Australian deposits B8, A very
interesting aspect is linked to the different chemical composition between the inner and outer surfaces, in which
there are, respectively, aluminolic groups (Al-OH) that give a positive charge and siloxanes (Si-O-Si) that give a
negative charge BZ38 The charges that characterize the internal and external nanotube surfaces are due to the
different dielectric and ionization properties of silicon oxides and aluminium. For pH values of 3-10, the positive
charges are distributed in the inner lumen and the negative charges on the external surface; present on the edges
is a negative/positive charge. In particular, the tubule lumen is positively charged with pH < 8.5, and the outer
surface is negatively charged with pH = 1.5 B3, Generally, because of the O and OH atoms that carry negative
charges, the halloysite nanotube is negatively charged. As a result of the tubular shape, on the outer surface only a
few hydroxyl groups are present; these are more concentrated in the internal lumen and therefore are more
reactive. In fact, for halloysite, it is possible to classify three types of Al-OH, according to their positioning on the
surface, at the ends, and between the octahedral and tetrahedral sheets, as shown in Figure 1. All can be reactive
and dissociate according to the pH of the solutions, except those placed between the octahedral and tetrahedral

sheets, due to steric hindrance 42,
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Figure 1. Detail of schematic illustration of the crystalline structure of halloysite nanotubes.

The halloysite nanotubes’ size may vary depending on the extraction site and the purification process they
undergo, but they usually have an internal diameter of 10-30 nm, an external diameter of 40-70 nm “ and a
length between 200 and 2000 nm 2],

Nanotubes with a length between 3 and 5 ym have been found in some deposits, although those with smaller sizes
are more interesting from a biological point of view, as they are more suitable for use as drug carriers 431,
Halloysite is chemically like kaolinite, but the halloysite double layers are separated by a monolayer of water
molecules. In the hydrated form of halloysite n = 2 in the formula Al2(OH)4Si2Os-nH>0. One layer of water
molecules is present between the multilayers and is named “halloysite-(10 A)”, where “10 A” indicates the dgo1-
value of the layers. When the n value is 0 (n = 0), the halloysite is named dehydrated or “halloysite-(7 A)” and may
be obtained through the loss of the interlayer water molecules 2944l The water present in halloysite-(10 A) can be
classified as “hole water” and “associated water”. In the first case, the water molecules are placed on the surface of
the tetrahedral sheet with different orientations and make hydrogen bonds with the basal oxygens. The
“associated” water has a greater degree of mobility at room temperature and is located at a different level in the
interlayer space, with an ice-like configuration and forming hydrogen bonds with each other and/or with inner-
surface hydroxyls [421461147148]149] - Generally, HNT surfaces could be classified into three types. The inner lumen
surface has a positive charge and is covered by Al-OH groups. It can undergo a variety of covalent modifications
by which certain functional groups can be added. This method allows immobilizing several organic groups on the
surface of the lumen stably. The external siloxane surface has a negative charge and can be used to establish
covalent bonding with molecules such as organosilanes 2%, Moreover, it can be modified by coating with cationic
substances, such as polymers, biopolymers, and surfactants. This type of modification can help to improve the
dispersibility and biocompatibility of halloysite. Interstate surfaces, held together by hydrogen bridges, can be
modified by direct or indirect intercalation of small organic molecules and some monovalent cationic salts. This,
therefore, can lead to a weakening of the hydrogen bonds interstate and an increase in the surface between the

various layers that can be understood as additional space for loading or adsorption B,
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