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ABSTRACT
Taking into consideration two different types of surfaces, this dissertation
proposes techniques to coat the surface of natural fibers and oil-water interfaces by
spontaneous self-assembly of halloysite clay nanotubes. The material of choice,
halloysite clay, is a widely available natural resource and can be used after minimal
processing. In regards to chemical composition, halloysite clay resembles
aluminosilicate mineral kaolin; physically, a defect in the crystal structure ordering
causes the sheets of kaolinite to roll into halloysite nanotubes. The dimensions of
halloysite nanotubes are dependent on the source, but generally vary from 200 nm to 3
µm in length, 100-150 nm for the outer width and 10-20 nm diameter for the inner
lumen. The inner lumen is lined with a gibbsite-like array of Al-OH groups and the
outer surface consists of Si-O-Si linkages. The differing chemistries of the inner and
outer surfaces make halloysite a candidate for selective modifications.
The coating strategies thus proposed in the text are extended and often designed
for specific applications. The purpose of oil-water interface coating is to design
environment-friendly mitigation solutions for oceanic oil spills and bioremediation of
crude oil. Halloysite clay can act as solid stabilizers at an oil-water interface and form
Pickering emulsions. The quality and stability of such emulsions were enhanced by
grafting silane molecules onto the surface siloxane groups of halloysite. The silane
molecules have long alkyl residues which render the halloysite after grafting,
hydrophobic and increase their contact with the crude oil phase of the Pickering
emulsions. Growth studies of a hydrocarbon degrading bacteria, Alcanivorax
iii
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borkumensis (a species endemic to the Gulf of Mexico), in the presence of halloysite
Pickering emulsions revealed the positive effect clay nanotubes have on the
proliferation of similar bacteria. The materials used for forming Pickering emulsions
have been developed into an extended application for encapsulation and roomtemperature storage vehicle for hydrocarbon-degrading bacteria. The assembly of clay
nanotubes on oil droplets to give emulsion was reversed to have highly hydrophobic
halloysite (with contact angle > 110°) encapsulate a droplet of water. The resulting
architecture, termed as liquid marbles, are designed to store and revive oil-degrading
bacteria within them and aid the formation of Pickering emulsion as a synergistic
approach for oil spill bioremediation.
Hair, as a natural fiber, is studied in detail as a substrate for self-assembly.
Halloysite coating on the hair surface was developed to be applied as an efficient,
harmless and rapid-acting drug-delivery system directly to the hair. A combination of
modifications to the self-assembly process and the type of chemical loaded inside the
lumen have resulted in strategies for hair coloring, anti-lice and hair loss control
treatments. The method described to alter the surface of hair is ubiquitous in terms of
the solvent used and source of the hair; it can be applied to animals like cats, dogs and
horses as well can be extended to coat natural textile fibers like silk and wool. The
applications thus discussed and examined were set as the goals of the research
conducted as a part of the Doctoral program.
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CHAPTER 1

INTRODUCTION
Self-assembly is a basic natural process defined as a spontaneous arrangement
of macromolecules or nanoconfined particles initiated by conducive physico-chemical
environment. This forms patterns or structures through integrated scale: from nano, to
micro and macro. The scale of ordered self-assembled structures can range from
nanometer to meters, from DNA to the building blocks of interstellar ice [1]. The
assembly structures are based on bottom-up processes when with certain set of
components (like clay nanotubes in our case) and selected chemical conditions,
complicated and well organized materials are created. This makes the process practical
for materials engineering. G. Whitesides defines self-assembly as the “the autonomous
organization of components into patterns or structures without human intervention” [2].
Materials engineering directs the process in helping to design useful products, like
nanoclay coated oil emulations or microfibers. Since the advent of technologies
enabling scientists to manipulate moieties at below microscopic scale, implications of
assembled structures have been expanded to organic-inorganic nanohybrids. With
‘human intervention’ the assembly is controlled for meaningful design [3]. Halloysite
nanotube have been developed to self-assemble at interface to prepare nano-organized
organic-inorganic systems, like oil microbubbles and microfiber coating, while
considering its biological impact and safety.

1

2
1.1 Organic-Inorganic Supports
In static assembly, the components are in equilibrium and their final positions
and energy do not change, providing a stable final product. Such phenomena, like
coffee ring formations (which we will use) to more complicated snowflakes, the protein
folding and engineered carbon fullerenes are static self-assemblies where the system
does not lose energy and changes its state if it gains energy [2].
Self-assembly is executed by the action of multiple forces like electrostatic,
magnetic and gravity; in our work we exploit electrical (surface charge), capillary,
hydrophobic and gravitational forces for halloysite clay nanotube self-assembly. While
electrostatic repulsions, hydrogen and covalent bonding dominate assembly at the
molecular level, gravity, capillary and entropic forces control assembly at micro and
macro scale. Halloysite with its 50 nm diameter and 1000 nm length is in nano/micro
size and it is governed by multiple mechanisms in its ordering, part of which are
attributed to electrostatics, hydrophobicity and anisometry, but others are just used in
experimental optimization of the composites without full understanding [4].
Fluid media is essential for the components’ motion and the assembly at
interfaces, like halloysite nanotubes on oil-water (liquid-liquid) or bio/surface-air
(solid-gas) in the following research. Smooth surfaces where the innate forces in the
fluid and on the surface can interact in a uniform manner can efficiently result in
engineered patterns. Defects on the surface create irregularities in patterns or may serve
as starting points / initiations of the self-assembly. An example is the deposition /
immobilization of protein on patterned gold surfaces formed by organized multilayers
via layer-by-layer electrostatic adsorption of nanocomponents [5], [6]. Work explained
in Chapter 5 will demonstrate that halloysite hair coating was initiated at cuticle
irregularities in hair. Secondary surface modifications like charged amphiphilic
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absorption on the pattern (or increased the nanotube hydrophobicity in our case,
Chapter 4) can help increase adhesion of the component [7], [8]. For example, selfassembled monolayers have been created on synthetic polymer substrates, on gold and
in our case, on the clay nanotube outer SiO2 surfaces through silanization [9]. The
substrates can be assembled in reverse order to produce new application as excitable
gold nanoparticles capped onto with DNA residues are assembled onto a pre-formed
DNA scaffold on a flat polymer surface [9].
1.2 Interactions of Biological Systems with Surfaces
Since clay nanotubes are charged (zeta potential magnitude is larger than -30
mV) and stable in their aqueous dispersions and the target substrates identified are
interfaces of water and proteinaceous hair surface or hydrophobic media (oil or air).
Such hydrophobic / hydrophilic interfaces help organize the nanotubes in patterns
forming multilayer coatings of a few micrometers in thickness. Conjugation beyond
physical forces like covalent, hydrogen or coordination bonding of functional groups
onto halloysite (silane binding or selective cationic/anionic surfactant adsorption) aid
in stronger and more robust coating.
Another important feature is compatibility of the designed nanocomposites to
the biological objects, which in our case are cells, marine bacteria, human hair and skin.
Interactions with organic/inorganic clay substrate will invariably impact the function of
the biological moiety which has been turned to favor the applications in the research in
this dissertation. Clay interaction/coexistence with bio organisms has a history of a
million years, which is an optimistic indication about safe usage of nanoclay
formulations thus far.
Therefore, the third important consideration was detail study on the retention of
metabolic activity and health of the biological component. In our case, it is essential
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that even after attachment of bacteria to halloysite shell self-assembled onto emulsified
petroleum microdroplets, the bacterial growth, proliferation and activity remained
unhampered at the least. For example, Alcanivorax borkumensis, a hydrocarbonoclastic
bacteria had depressed proliferation when oil spill remediation was performed with
currently industrially used Corexit® anionic amphiphile coating on petroleum
microdroplets [10]. The same bacterial species developed healthily when emulsification
was performed with the clay nanotube Pickering coating developed in this work.
Elucidating all the above reaction was imperative to design better biological systems
and medical devices.
The architecture of the halloysite assembly had been reversed when the
nanotubes needed to be shelled around a biological object, like bacteria. This approach
may result in a simple and efficient method of bacteria encapsulation. The architecture
has been called “Raffaello®” microencapsulation method, because the resulted bacteria
microdroplets coated with halloysite looked like popular Italian sweets. Halloysite
coating around microbiological moieties was a remnant of the group’s previous work
of clay nanotubes LbL-shells (layer by layer) around yeast cells [11], but the Raffaello®
approach was simpler with a spontaneous one-step self-assembly process. Bacterial
solutions were dropped onto a bed hydrophobized halloysite, spontaneously
encapsulated, kept for 24 hrs to grow an internal biofilm enforcing the wall and then
dried, enclosing / protecting the bacteria inside. Such halloysite microencapsulation
allowed for 1-2 weeks of bacteria storage without losing their viability and potentially
promised synergetic spilled crude oil emulsification and bacterial seeding.
1.3 Research Goals
Taking into account the variability in conditions for self-assembly on different
surfaces, the following research was undertaken for the alignment and attachment of
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halloysite clay nanotubes. The formation of the clay nanotube arrays has been adopted
from self-assembly in nature.

Electrostatic attraction between the substrate and

nanoclay was optimized for their attachment and to make sure the free-moving
nanotube approaches the substrate. Matching the hydrophobicity and hydrophilicity
was also important to get well organized halloysite arrays. Halloysite nanotubes (rolled
kaolin sheets) are natural biocompatible clay available in large amount at a low price
[12]–[16]. These clay tubes have 50 - 60 nm in external and 10 - 15 nm inner diameters
with lengths ranging within 0.5 - 1.5 µm. Their walls are formed by the rolling of ca.
20 aluminosilicate layers of 0.72 nm thickness. The outer / inner surface chemistries of
the halloysite are remarkably different from each other: the external surface is
composed of Si−O−Si groups, whereas the internal lumen surface consists of a gibbsitelike array of Al−OH groups. Considering the positive / negative charges of alumina and
silica substrates at pH 6.5, the zeta-potential of -30 ± 2 mV was interpreted based on
the charge separation [17], [18]. These characteristics make halloysite nanotubes
excellent vehicles for carrying numerous types of cargo (drugs, proteins, dyes, chemical
inhibitors, metal nanoparticles), when negatively charged materials are selectively
sacked into the tube’s lumen and positive ones are adsorbed on the tube’s outer surface.
In the case of halloysite self-assembly on oil microdroplets, the nanotubes will be used
to encase anionic amphiphile molecules providing a synergetic effect for the spill
emulsification and on bio surface coating, loading with drugs or coloring agents was
helpful. Thus, in hair coating, halloysite nanotubes were loaded with dyes or with drugs
for curing diseases.
The goal of this research is to achieve assembly of the tubule nanoclay on solid
and liquid interfaces to develop this safe, biocompatible and inexpensive natural
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nanomaterial for oil spill bioremediation through Pickering emulsification and
spontaneous hair / wool microfiber coating with halloysite.
1.4 Thesis Overview
Chapter 1 is an introduction where considerations for self-assembly applications
are explained along with a brief preview about our substrate of choice: halloysite clay
nanotubes.
Chapter 2 is a literature review of halloysite clay nanotubes, its applications in
materials engineering and current and previous efforts on self-assembly of halloysite in
integrated nano/micro composites. It is chiefly derived from two review papers by A.
Panchal et al. in Advanced Colloid & Interface Science-2018 and Current Opinions in
Colloid Interface Science-2018 [4], [19] and it also includes description of halloysite
drug loading and sustained release from our publications. All presented data are
justifying our further research.
Chapter 3, the instrument section which will detail out materials, equipment and
techniques used in the course of the dissertation.
Chapter 4 will employ halloysite clay as Pickering emulsifiers based on the
nanotube assembly on oil-water interface. These halloysite coated oil microbubbles are
optimized on size, depending on the nanotube hydrophobization and water molarity,
including simulated sea water salt content. Oil content up to 30% by volume can be
emulsified with 0.5 wt.% of halloysite; In perspective, the amount of clay thus required
may be air-sprayed from planes over the oil spill spot which results in 5-10 µm diameter
oil/row petroleum droplets that are stable in the water for few weeks.
The emulsions formed are designed to aid in the efforts with oil spill
bioremediation, specifically, with growth and proliferation of hydrocarbonoclastic
bacterial species endemic to the waters of the Gulf of Mexico. The bacterial species
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chosen is A. borkumensis bacteria from Deepwater Horizon oil spill provided for us by
the Gulf of Mexico Consortium as part of the joint efforts with Tulane University on
#GOMRI2015-V-358 grant “The design of synergistic dispersant and herding systems
using tubular clay structures.” The strategy to explore and design environmentally
friendly material to emulsify and enhance bacterial decomposition of spilled oceanic
crude oil was developed.

Halloysite nanotube coating of oil microdroplets with

Pickering emulsion type formations allowed for Louisiana sweet crude oil
emulsification accomplished good proliferation of oil-eating bacteria. This method
showed some advantages as compared with currently used Corexit® anionic amphiphile
emulsifier which depressed growth of the marine bacteria.
In an extended strategy, encapsulation of A. borkumensis bacteria into halloysite
micromarbles assembled at bacterial broth/air interface potentially developed into a
synergetic approach to encapsulate oil-eating bacteria while providing Pickering
emulsifier. This approach is “symmetrical” to Pickering emulsification but halloysite
droplet coating with self-assembly at oil/water interface in the first case and at water/air
interface in the second case. This work may also have a general meaning as a simple
one-step method of bacteria and biocells encapsulation.
In Chapter 5, we extend halloysite interfacial self-assembly to coating of the
human hair and wool microfibers which indicate a novel avenue of microfiber surface
engineering applicable in the textile industry (US patent application: July 17 2018,
16/037,206). The dye/drug loaded nanotube assembly had also been also exploited to
design hair care formulations like coloring and therapeutic anti-lice medicine delivery.
The adjustable charge distribution of halloysite enabled the aqueous clay
nanotubes to assemble starting in and around cuticles without damaging alkaline
solutions. The lumen of the halloysite was treated to act as reservoirs for both
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hydrophilic and water insoluble compounds like dye molecules, health care medicine
and anti-lice, anti-flea drugs. The 3 micrometer coating of dye/drug loaded halloysite
on the hair’s surface was quite robust, withstanding not less than 10 shampoo washes.
The current permanent and semi-permanent hair dyes colored the hair via redox
reactions and pH changes to alkali conditions. Our aqueous formulation with halloysite
nanotubes as the storage for the dye molecules (including water-insoluble as lawsone
and indigo) did not require any changes to the existing neutral condition for wet hair.
Possibility to load clay nanotubes with colors / drugs from organic (non-water)
solutions and their aqueous based assembly in multilayer coating on hair was an
important feature of our technology allowing usage in hair coloring dyes/drugs not
applicable earlier in hair care. A patent had been filed which included further
development of halloysite self-assembly onto different surfaces, like natural (wool,
silk) and polymeric textile microfibers [20]. The dissertation will conclude with a
section explaining the most essential results of the investigations and future prospects.

CHAPTER 2

LITERATURE REVIEW
2.1 Halloysite Clay Nanotubes
Part of the materials for this chapter were published as our review papers [4],
[21] with co-authorship by A. Panchal. I was the only grad student co-author of these
papers and cited materials from these two papers were not used in any other
dissertations.
Clays are well known to be safe and human-friendly materials with a wide range
of applications that have been used for many centuries. Nowadays, the knowledge of
clay minerals allows for this raw material to be improved with nanoscale morphological
features, controlling clay particle size, shape and surface chemistry. Among natural
clays, halloysite nanotubes are attracting a great interest from researchers in chemistry,
physics, engineering and biology. The success of halloysite as an emerging
nanomaterial is explained by its low toxicity, biocompatibility, tubes’ high aspect ratio,
empty inner cavity and different inner-outer surface chemistry [12]. Several in vivo and
in vitro tests have shown biocompatibility of halloysite, which can be employed as
carriers for sustained drug delivery for pharmaceutical and tissue engineering
applications [15], [16]. The most available halloysites (in thousand tons of a pure
product) are from the deposits in Northland (New Zealand) and Dragon Mine (Utah,
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USA). Geological settings in Europe, China, Turkey and Australia also allow for
smaller scale halloysite supply.
From a mineralogical viewpoint, halloysite is a naturally-occurring two-layered
aluminosilicate, characterized by a hollow tubular structure (Figure 2-1 shows AFM
(Atomic Force Microscopy) and TEM (Transmission Electron Microscopy)
microgrpahs). Its size depends on the deposit and varies from 50 to 70 nm in external
diameter and 10 to 20 nm diameter for the lumen. The tubes’ lengths range within 0.5
- 1.5 µm. Their walls are formed by the rolling of 15 - 20 aluminosilicate layers. The
presence of water molecules in the interlayers determines the spacing in the multilayer
walls from 1.0 (swollen) to 0.7 nm (dry) states [4], [19]. The water molecules bind to
the lattice walls acting as a glue between them. The reason why flat kaolinite sheets roll
into halloysite tubes is still unknown, although many efforts have been devoted to this,
from computational chemistry to an experimental observation of some morphological
features and defects [22]. One can suppose that the neighboring alumina and silica
layers together with their interlayer water molecules create a packing disorder, causing
them to curve and roll up to form multilayer tubes. As displayed in Figure 2-1C, the
modeling of multilayers spiral of halloysite nanotubes was achieved by computational
SCC-DFTB (Self-Consistent Charge variant of Density Functional Tight Binding
method) simulations [5]. The authors reported that while the folding of kaolinite sheet
into halloysite is not an energetically difficult task, the loosely hydrogen-bonded water
molecules between the lattices play a part in the folding process.
Halloysite was revealed to be an efficient filler for polymers allowing for
fabrication of functional hybrid materials with excellent thermo-mechanical properties
[17], [18], [23]. Typically, an addition of 3-5 wt.% halloysite to polymers increased the
composite mechanical strength by 30-50% [12]. The thermal stabilization effect could
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be attributed to the entrapment of degraded products of polymers inside the nanotubes’
lumens [4], [24]. The outer / inner surface chemistry of halloysite was remarkable: the
external surface is composed of Si−O−Si groups, whereas the internal lumen’s surface
consists of a gibbsite-like array of Al−OH groups.

Figure 2-1: AFM and TEM halloysite images (A-B) adapted with permission from
[12], copyright 2015 Wiley Publ. Modeling of the halloysite spiral ordering (C).
Adapted with permission from [14], copyright 2015 American Chemical Society.

The HNT’s positively charged inner surface (lumen) combined with the
negatively charged silica-based outer layer enable selective drug loading [4]. This was
carried out precisely by the adsorption of the negative molecules predominantly inside
the tubes and, in the second step, by the adsorption of the positively charged molecules
outside [12], [24], [25]. The described procedure was straightforward, but additional
enhancement of the affinity between the drug and the nanoclay carrier might yield
longer release of the drug. This modification can be made through the conjugation of
polymeric materials compatible with the molecule of interest in the inner or in the outer
surface
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aminopropyltriethoxysilane (APTES) and using the amine end-group to increase
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affinity of oligonucleotides towards HNTs [26]. Such functionalization of the surface
was found to not compromise the physical characteristics of these nanosystems [27]
[4]. Layer-by-Layer self-assembly could also be employed to coat HNTs by using
polycation/polyanion pairs, constructing thin shells that modify the surface of the
nanotubes [26]–[29].
The loading of various molecules into HNTs may be realized in two approaches:
1) selective loading in the inner tubular lumen and 2) drug linkage to the outer surface
[16]. The typical loading mechanisms for negative or neutral molecules were driven by
electrostatic interactions or precipitation from saturated solution into the lumen,
respectively. This mechanism was generally valid with anions and it was entropy driven
if a polyelectrolyte is adsorbed generating a number of counter-ions free in solution [4],
[19], [30]. Non-ionic molecules could accumulate into the lumen due to enhanced
solvent evaporation from cavities (such as the lumen), on the basis of Gibbs-Thomson
effect, in comparison with bulk solvent [19]. In this case, vacuum applied to the sample
helped the loading efficacy. Besides the confinement of molecules within the halloysite
hollow lumen, the adsorption onto the external walls of the tubes as well as intercalation
into interlayer spaces should be considered [4], [31].
This allowed for hydrophilic payloads (and after the lumen modification also
for hydrophobic compounds), making the technologies for these designed ceramic
nanotubes highly generic. Active compounds that are heat, UV radiation, pH or
environmentally sensitive can be encapsulated in a simple manner for improved
stability and applicability (for example converting water soluble dyes into polymer
dispersible hybrid pigments). Such active core-shell tubule nanocapsules have been
incorporated into different polymers to produce novel composites with tailored release
profiles of the various active ingredients, like anti-cancer drugs and to significantly
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extend the working duration of active ingredients (to days, weeks and even months)
[15], [16], [19], [31].
The second method relies on binding between drugs and the outer (SiO2) surface
area, which is ca. 60 m2/g. Outer binding was favorable for cationic drugs and may be
assisted with covalent linkage [12]. These two strategies may be merged, thus enabling
a primary release of the drugs from the outer surface, followed by an extended release
from the nanotube inner lumen [28], [32]. Small drug molecules may also be loaded
into wall interlayer spaces (e.g., urea and furfural), increasing the packing periodicity
from 0.7 to up to 1.1 nm [4], [12], [15], [16].
It is important to note that many applications of halloysite as a nanocontainer
depend on loading capacity and therefore on its lumen size. Clay nanotubes with an
enlarged cavity were prepared by a selective etching of alumina sheets by its dissolution
with acidic treatment. The halloysite, etched with sulfuric acid, showed a four-time
increase of loading capacity from 9 to 35 wt.%, while the lumen sample’s surface area
may be increased to 200-300 m2/g [33]. Base etching may remove silica enriching tubes
with alumina component [4], [33]. Finally, exposing halloysite to fluoric acid results in
complete dissolution of the tubes.
Concerning the colloidal stability of pristine halloysite, diluted aqueous
dispersions (ca. 0.5 wt.%), with ζ-potential of ca. -30 mV stays suspended in water (pH
6.5) for 1-2 hours. The enhancement of the net ζ-potential to ca. -70 mV by simple inner
adsorption of anionic species (polyanions, negative molecules or detergent) induces a
significant improvement of the halloysite colloidal stability in water, making their
aqueous dispersions stable for more than a month [19], [34].
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2.2 Halloysite Inner / Outer Surface Modifications, Loading and Sustained
Release of Chemicxals
2.2.1 The Nanotubes’ Hydrophobicity Adjustment.
The surface modification of inorganic nanoparticles represents a crucial step to
make hybrids with tunable colloidal stability and specific functionalities [12], [16]. Due
to their structure and surface properties, halloysite (HNT) can be modified by exploiting
both electrostatic and covalent interactions. Selective adsorption of ionic surfactants
onto the halloysite inside and outside surfaces allows for controlling the
hydrophobicity/hydrophilicity of the nanotubes and, consequently, optimizing their
stability in solvents with variable polarity [19] [35]. Electrostatic interactions between
the negative halloysite outer surface and the head group of alkyltrimethyl ammonium
bromides facilitates the formation of tubular nanostructures with a hydrophobic shell
and a hydrophilic lumen (Figure 2-2A). Hydrophobization of the external surface
enhances the nanotubes’ affinity towards chloroform (nonpolar solvent) in dependence
of the alkyl chain length of the adsorbed cationic surfactant [19].
On the other hand, the unmodified hydrophilic cavity was employed as a
nanocontainer for encapsulation of hydrophilic compounds such as copper sulfate [35].
Modified nanotubes with a hydrophobic cavity were obtained through electrostatic
interactions between anionic surfactants and halloysite inner surface, which is
positively charged [18], [36]. Due to the neutralization of the positive charges, the
selective functionalization of the lumen induced an increment of the halloysite ζpotential. According to the DLVO theory (named after Derjaguin, Landau, Verwey and
Overbeek explaining the forces between the double layers of ions), the better colloidal
stability in water of anionic surfactants/HNTs hybrids (Figure 2-2B) was due to the
increase of the electrostatic repulsive forces between the tubes [19].
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Figure 2-2: (a) Illustration of the selective modification of halloysite surfaces by ionic
surfactants. Adapted with permission from [35], [36]. Copyright 2014 and 2015
American Chemical Society. (b) Photographs as a function of time for pristine HNT
and sodium dodecanoate / HNTs dispersions (1 wt.%). Adapted with permission from
[18]. Copyright 2012 American Chemical Society. (c) Loading of immobilized
proteins depending on the charge of the enzyme. Adapted with permission from [36].
copyright 2016 American Chemical Society.

The influence of the surface modification on the halloysite sedimentation can
be related to the rotational and translational dynamic behavior in water of the
surfactant/HNT hybrids. Electric birefringence experiments highlighted that the
adsorption of anionic surfactants increases the rotational mobility of the nanotubes
indicating a reduction of their clustering [34], while the translational diffusion is not
altered by the halloysite functionalization [35], [36]. On the contrary, halloysite
modification with cationic alkyltrimethyl ammonium bromides induced a decrease of
the translational mobility that can be attributed to the aggregation of the modified
nanotubes [18], [35]. Consequently, cationic surfactant/HNTs hybrids exhibit faster
sedimentation kinetics in water.
The hydrophobic lumen of sodium alkanoates/HNTs composites was efficient
in the solubilization of both aromatic and aliphatic hydrocarbons that can be removed
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from aqueous and gas phases [36]. The confinement of n-decane within the
hydrophobically modified lumen was proved by thermogravimetric measurements,
which showed that the hydrophobic oil adsorbed by sodium dodecanoate / HNTs hybrid
possesses a lower volatilization temperature with respect to that of pure n-decane [36].
According to the Gibbs−Thomson effect, a decrease of the volatilization temperature is
expected for hydrocarbons entrapped inside the halloysite cavity [19]. Non foaming
oxygen nanoreservoirs were obtained by the modification of halloysite cavity with
sodium perfluoro alkanoates [37].
2.2.2 Inner / Outer Tubes’ Charge Differentiation.
The electrostatic interactions between ionic biopolymers and halloysite surfaces
enhance the aqueous colloidal stability [38]. For example, industrial halloysite
stabilization in water was often achieved by treatment with anionic macromolecule,
sodium hexametaphosphate [12]. On the other hand, the adsorption of nonionic
hydroxypropyl cellulose also stabilized dispersions as a consequence of a steric
mechanism [38]. The surface charge difference between the outer and inner surfaces
of this clay nanotube was exploited for DNA loading and selective enzyme
immobilization [39], [40]. The enzyme loading was affected by the electrostatic
interactions between the halloysite surfaces and the protein’s net charge, which depends
on the pH conditions (above or below the protein isoelectric point) [4], [40]. Proteins
with negative charge were mostly adsorbed into the tubes’ lumens, while negatively
charged enzymes interacted preferentially with the external surface of halloysite. As a
general result, positively charged enzymes possessed higher loading values as a
consequence of the larger area of the halloysites’ external surface [4]. It is noteworthy
that slow and sustained release of the enzymes in aqueous media was achieved by their
immobilization into the halloysite lumen [40].

17
2.2.3 Silanization Tubes’ Grafting and Other Covalent Binding.
Organosilanes grafting onto the external surface is the most common strategy
[12], [41]–[43]. Other methods that are based on physisorption of surfactant molecules
on external surface are susceptible to desorption in an aqueous medium [44]. The
grafting reactions occur by condensation reaction between hydrolyzed silanes and the
surface hydroxyl groups of halloysite and subsequent formation of a Si-O-Si bond [45].
Covalent modification of the outer surface improves the halloysite dispersibility into
the polymer matrix, enhancing the performances of the hybrid materials in terms of
thermal stability and tensile properties [46]. Effective supported catalysts for
polymerization of methyl methacrylate were prepared through the covalent grafting of
3-(2-aminoethylamino)-propyltrimethoxysilane on the halloysite’ outer surface [47].
Interestingly, the synthesized poly(methyl methacrylate) experienced a
relatively low polydispersity as well as a controlled molecular weight [19]. Poly(Nisopropylacrylamide) (PNIPAAM) is covalently linked to the nanotubes’ external
surface grafted with azido-terminated groups. PNIPAAM/HNTs hybrid revealed to be
an efficient thermosensitive nanocarrier for curcumin, which is a natural anticancer
molecule [48].
Covalent functionalization of halloysite lumen represents a challenging task
because of the low reactivity of alumina. Octadecyl phosphonic acid was selectively
bound to alumina sites to induce the hydrophobization of the halloysite’ lumen [49].
However, selective covalent modifications have reduced yield. The successful
functionalization of the nanotubes’ lumen preserved a small empty space that can be
employed for loading and release purposes. Similar to anionic surfactants/HNTs
hybrids, the hydrophobically modified cavity can behave like a sponge for non-polar
molecules, such as ferrocene [19]. Dopamine derivatives can be covalently bound to
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the alumina groups on the inner lumen providing an initiator for the polymerization of
methyl methacrylate into the lumen[50].
2.2.4 Loading and Sustained Release of Functional Chemicals and Drugs.
The halloysite tubes’ cavities and lumen were employed for inexpensive
encapsulation of corrosion inhibitors, such as benzotriazole, 2-mercaptobenzimidazole
and 2-mercaptobenzothiazole [4], [51], [52]. The tubule nanocontainers were loaded at
10-20 wt.% by condensation from their saturated solutions in water, or acetone [53].
The loaded halloysite was added into based acrylic latex, polyurethane paints or epoxy
in order to fabricate a self-healing coating for copper substrates. It should be noted that
the release of the anticorrosive molecules was extended over time (up to 12 months)
because of their confinement into the nanotube’s lumen clogged at the ends with
polymeric stoppers [4], [51]. Therefore, the composite coatings provided an efficient
and durable protection of the coated copper or iron surfaces. Doping at 10 wt.% of
hydrophobized halloysite loaded with antioxidants produced styrene butadiene - rubber
composites stable against aging at elevated, 70 – 90ºC temperatures [12], [54]. An
effective de-acidification treatment for paper was developed by the incorporation of
Ca(OH)2 within the halloysite lumen [55].
Many drugs were loaded at 5-15 wt.% into halloysite and allowed for extended
release during 10-20 hours; examples including khellin, oxytetracycline, gentamicin,
ciprofloxacin, vancomycin, atorvastatin, metronidazole, dexamethasone, doxorubicin,
furosemide, nifedipine, curcumine, resveratrol and antiseptics: povidone iodine,
amoxicillin, brilliant green, chlorhexidine [12], [16], [31], [56], [57]. Biocomposite
films based on pectin and halloysite loaded with salicylic acid also showed an extended
antimicrobial activity [17].
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Physical-chemical properties of halloysite allow for drug loading, sustained
release with control of duration through the polymer-capped tube-ends. Development
of halloysite-polymer composites such as tissue scaffolds and bone cement / dental
resin formulations with enhanced mechanical properties and extension of the drug
release to 2-3 weeks has been described [16]. Examples of the compression properties
of halloysite in tablets and capsules show the tubes as an excipient in established
pharmaceutical formulations [58]. Clay nanotubes may be used primarily for noninjectable drug formulations, such as topical and oral dosage forms, cosmetics, as well
as for composite materials with enhanced therapeutic effects. These include tissue
scaffolds, bone cement and dental resins with sustained release of antimicrobial and
cell growth promoting medicines (including proteins and DNA) as well as other
formulations such as solutions for antiseptic treatment of hospital rooms [4], [12], [16].
A similar strategy was developed for formulations of hybrid pigments, using
tubule halloysite nanoclays and industrial natural dyes. The optical, thermal and colorfastness improvements of organic dyes with halloysite complexation were
demonstrated [59]. By using tubule nanoclay, it is possible to enhance the stability of
natural dyes and to convert them from water soluble to pigments, which may be added
to polymers. A possibility of selective external or internal dye adsorption on nanoclay
allows for loading dyes up to 10–20 wt.%. The adsorption converts water soluble colors
to ceramic encapsulated nanopigments that are easily admixed into polyethylene [59].
2.3 Halloysite Clay Nanotube in Self-Assembly and Micro-Patterning
It was a great challenge to develop halloysite self-assembly in organised arrays
for simple and cheap production of nanoengineering devices. Halloysite clay nanotubes
with length/diameter ratio of 1: 30 can be aligned like logs in a raft, making evenly
coated surfaces, for example, modifying separation membranes, or arranged in
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micropatterns on solid or oil surfaces and in micro-channels and capillaries [19]. The
following sections cover other examples of alignment of nanotubes.
2.3.1 Halloysite Orientation during Drying (“Coffee–Rings” Effect).
Similar to nematic liquid crystals, halloysite nanotubes can orient themselves
along a common axis [60]. The nanotubes were found to orient along the edge of a
drying droplet of halloysite suspension following the phenomenon known as “coffee
rings” formation [19], [61]. During drying, the three-phase contact line between the
air, suspension and the solid substrate remained steadily pinned because of the outward
capillary flow, which counterbalances the different evaporation kinetics within the
water droplet. The fastest water evaporation occured along the edge and the
hydrodynamic flow pushed the suspended halloysites from the center to the periphery
generating a concentration gradient [62] and a transition to a nematic liquid crystalline
phase over the ring area. The accumulation of nanotubes from the center to the
circumference increased their concentration beyond a critical level, governed by
Onsager’s theory for orientation of highly charged nanorods [63]. Halloysite entered a
liquid crystalline regime where they lowered the energy of the system by crowding and
aligning to restrict their motion (Figure 2-3A). Half-integer strength disclanations’ were
detected in the dried patterns confirming the transition from isotropic to liquid crystal
phase during the droplet evaporation. The alignment degree of the dried patterns was
enhanced by the concentration of halloysite dispersion as well as by the length and
surface charge of the nanotubes. Accordingly, the self-assembling was favoured for
modified nanotubes with larger magnitude of ζ-potential (-64 mV) as compared to the
pristine halloysite (-30 mV) [60].
The “coffee ring” effect confined along the glass capillary tube was exploited
to generate periodic clay rings in the capillaries [64], [65]. Halloysite loaded with
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anionic sodium polystyrene sulfonate (PSS) favored the formation of oriented
nanotubes arrays in the dried clay deposits [60]. The formation of halloysite selfassembled strips on the inner surface of the capillary tubes was driven by two synergetic
phenomena occurring during the evaporation of halloysite dispersion: 1) the “coffee
ring” effect, which drives to the alignment along the capillary wall; 2) the competition
between the capillary force and gravitational force, which controlled the strips’ widths
and the distance between the adjacent strips. As the halloysite dispersion inside a 1-2
mm diameter capillary dried in hot air, the contact line was pinned along the
circumference of the capillary. Consequently, the outward hydrodynamic flow
transported the suspended nanotubes towards the contact line at the capillary wall
leading to the formation of the outmost “coffee ring”. The accelerated evaporation at
the edge increased the local density of the dispersion and the nanotubes might transition
to a liquid crystalline phase aligned parallel to the wall capillary. Therefore, a deposit
strip of self-assembled nanotubes was formed on the inner surface of the capillary.
As the dispersion evaporated, the deposition of halloysite influences the surface
properties at the liquid/solid interface altering the balance between the capillary force
and gravitational force, which determined de-pinning and pinning of the contact line,
respectively. The level of the liquid dropped continuously increasing the length/surface
ratio of the halloysite dispersion in the capillary until the gravitational force was no
longer counterbalanced by the capillary force. The misbalance of forces induced a jump
of the contact line to another equilibrium position where the halloysite dispersion was
back in contact with the glass surface. Regular strips of assembled nanotubes are
formed along the capillary wall as a consequence of consecutive “stick-slip” processes
of the contact line. The width of the strips is influenced by both the surface tension and
the density of the evaporated dispersions. The thickness of the rings was proportional
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to the surface tension, while the dispersion density induces a reduction of the strips’
width.
The physico-chemical properties of the dispersion depend on the halloysite’s
concentration, which determined the sizes and the periodicity of the ordered strips. The
pattern of striped capillary rings was used to create grooved polydimethylsiloxane
surfaces to capture cancer cells and this device had shown six times higher efficiency
than an untreated glass capillary [63]. The efficiency of cell or any biomolecule capture
could be increased by the adsorption of metal catalysts or enzymes as was demonstrated
in improved photosynthesis by photodesorption of platinum nanoparticles on selfassemble Zn-cysteine microstructures [66].
Even more interesting is the drying of halloysite aqueous dispersion dropped
onto 1-2 mm metal ball placed onto the solid support (glass). From the results of such
a drying process, halloysite nanotubes self-assembled into concentric barriers with
periodicity of 0.1-0.2 mm and height of 0.3-0.5 µm (Figure 2-3D). Tubes in such
circular micropatterns were oriented in a tangential direction (Scanning Electron
Microscope (SEM) image in Figure 2-3B) and allowed for selective adsorption of biocells [67]. Even more interesting perspectives were opened if one used a number of
systematically placed metal balls which confine the drying process of halloysite
suspension and allowed for sophisticatedly designed halloysite micropatterns,
resembling wave interference patterns. Such micropatterns or oriented halloysite
allowed for selective adsorption of fibroblast cells aligned with the halloysite
orientation direction.
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Figure 2-3: A-B) Scheme of “coffee ring” formation due to Marangoni flow to the
droplet edge at drying and SEM of halloysite orientation in the regions closer to the
edge. Reprinted with permission from [70], copyright 2014 Elsevier. C) Rings of
halloysites formed on capillary walls at 10 wt.% dispersion drying at 60°C.
Reproduced with permission from [63], copyright 2015 American Chemical Society.
D) Reflected-light optical microscopy image illustrating the quarter of the HNTs-PSS
concentric rings pattern (40 x).

2.3.2 Pickering Emulsion for Oil Spill Bioremediation and Catalysis.
The assemblies of halloysite explained in the previous section were driven by
capillary forces in a drying process on solid substrates, but halloysites could also
assemble on an oil-water interface. S. Pickering discovered the ability of solid
microparticles like alumina and silica to stabilise a paraffin-water interface and formed
partial emulsions. Halloysites, both pristine and with surface hydrophobization, form
oil-water Pickering emulsions [20], [68]. The nanotubes positioned themselves laterally
on

the oil-water interface, reducing the surface tension and stabilizing the

microemulsions [69]. Hydrophobizing the surface of halloysites increased the contact
of the halloysites to the non-aqueous phase providing more stability to the emulsions.
The formation of microemulsions with smaller droplet size with progressively
hydrophobized halloysite was demonstrated. Pickering microemulsions with halloysite
had been proven to have uses in biphasic catalysis and petroleum spill bioremediation.
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2.3.3 Halloysite Self-Assembly on Biological Surfaces.
Halloysite self-assembly linked to surface irregularities driven by capillary
forces and final fixation in dry state with Van der Waal’s forces found interesting
applications in the clay hair coating [71]. When hair was exposed for 1 min with 1 wt.%
of aqueous halloysite dispersion and then dried, one was able to obtain a stable 4-5 µm
thick nanotube coating. The aqueous medium of the dispersion swelled the hair,
opening up the cuticle ‘flaps’ and creating a space for halloysite tubes to anchor around
the cuticles. The process is explained in much detail in Chapter 5.
2.4 Halloysite Biosafety and Low Toxicity
The initial toxicity studies with halloysites consisted of in vitro assays in order
to evaluate its effects on cell lines (Figure 2-4 A, B and C). The nanotubes were
functionalized with fluorescent polyelectrolyte layers to study their interaction with
HeLa cells (cervical adenocarcinoma cells) and MCF-7 cells (breast cancer cells)
(Figure 2-4 A) [72]. Although the clay accumulated in the intracellular space, it did not
harm the cells nor inhibited their proliferation. Even at very high concentration of 75
µg/mL, the nanotubes did not show toxicity and 90% of the cells were viable [72].
Halloysite evidenced similar safe features when those were tested on HCT116 cells
(human colon cancer cells) and HepG2 cells (human liver cancer cells) cell lines [73].
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Figure 2-4: Toxicity evaluation of halloysite (HNT) nanotubes. Intracellular
distribution of halloysite in human cells as shown using (A) confocal microscopy
(nanotubes are stained green, nuclei – blue) and (B) transmission electron
microscopy; (С) growth rate of HNTs-treated A 549 human cells; (D) distribution of
HNTs in C. elegans nematode. Image A reproduced from [72], copyright 2011,
American Chemical Society; B, C - reproduced with permission from [69], copyright
2015, Nature Publishing Group; D) reproduced with permission from [15].

In addition, halloysite gastrointestinal exposure was investigated using an in
vitro model to mimic large intestine epithelium by applying a monolayer of Caco2/HT29-MTX co-culture [74]. Even at low doses of 1 µg/mL, the nanotubes showed
pro-inflammatory immune effects. At 100 µg/mL, halloysite increased the upregulation of proteins related to the processes of cell growth, proliferation and responses
to stress, such as cell infection or injury. Those results were evidence that halloysite
holds a strong level of biocompatibility distinguished by an insistence of cytotoxicity,
although high pro-inflammatory cytokine release was found [74].
Only very high concentrations over 1,000 µg/mL triggered proliferation
inhibition on human peripheral lymphocytes, which suggested that halloysite
formulations are suitable for oral drug delivery [73]. The authors considered the average
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percentage of the nanoclay diluent in conventional tablet forms is 50%, which is 0.25
g. Upon dilution in gastrointestinal fluids, this concentration turns into ca 150 µg/mL,
which does not harm human peripheral lymphocytes [73]. The halloysite applications
in tissue scaffolds and bone cements demand the assessment of the hemocompatibility.
In interactions of halloysite with anti-coagulated rabbit blood, the hemolysis ratio was
less than 5%, thus matching the safety requirements. The clay nanotubes promoted
clotting activity, thereby, reducing plasma re-calcification time. This suggests a good
hemocompatibility with low doses of halloysite (below 1,000 µg/mL) [75]. Halloysite
demonstrated to trigger only 50% of the toxic effects caused on macrophage cultures
by other clay materials (e.g. montmorillonite) and it was thousand times safer than
carbon nanotubes [76].
Halloysite toxicity was also very positively evaluated by in vivo tests with
microworms, infusoria and with feeding mice, rats, chicken and piglets [15], [28], [68],
[76], [77]. Paramecinum caudatum (P. caudatum), a common fresh water protozoan,
was used as a model to compare toxicity from HNTs, kaolin, montmorillonite, silica,
bentonite and graphene oxide [68]. The in vivo test applied a higher concentration range
up to 10 mg/mL, in order to suggest safety limits for industry scale-up [68]. Neither
kaolin and hallosyite proved to be inert to normal biological function at concentrations
below 5 mg/mL. Halloysite was found the safest of the tested nanomaterials [68]. C.
elegans is a microworm that naturally populate soils, whose behavior-related
parameters facilitate the estimation of environmental toxic patterns, while, due to their
transparence, makes it possible to visualize halloysite distribution upon the application
of dark-field microscopy (Figure 2.4D). At high concentrations, the nanotubes irritated
the intestinal cells of C. elegans, disturbing its ingestion and, consequently, its body
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length, but the life longevity and reproduction of C. elegans were not affected [15],
[68].
In a very recent study, hepatotoxicity was reported in mice at very high
concentrations of above 50 mg/kg of body weight (BW) when administered orally [78].
In line with those results, the same research group reported the inhibition of mice
growth and oxidative stress and inflammation in the lungs occurred after the oral
administration of 50 mg/kg BW dose during 30 days [79]. The toxicity that was thus
displayed by halloysite was typical of any inorganic composite at higher concentrations
and much of the oxidative stress was attributed to the dissolution of Al3+ ions in the
gastric pH [4]. This is not unexpected, as alumina has been known to dissolve after long
periods in acidic pH. In fact, a pre-treatment etching of alumina in sulfuric acid
solutions can be employed to remove up to 50% of the original Al content, without
compromising the tubule structure and ultimately reducing the liver toxicity [33].
Contrarily to these data suggestions, efficient oral halloysite formulations were proven
to adsorb in chickens’ and piglets’ stomachs and removed dangerous mycotoxins
(zearalenone, deoxynvalenol) present in grain feed [77]. Overall, these results suggest
that hallosyite is a relatively safe nanomaterial which can be widely used in biomaterials
without serious side effects. However, more studies need to be carried out to clarify the
in vivo outcomes of long and/or chronic oral exposure to halloysite, which seems to
depend on the administered concentration. The available data is still very scarce and
issues about the employed analytical methods are debatable.
Disclaimer: Excerpts from the above chapter have been published in Lazzara,
Panchal et al. (2018) [21] and Santos, Panchal, et al. (2018) [4]. I am the only graduate
student on the author list and some selected paper sections have been included only in
my dissertation.

CHAPTER 3

INSTRUMENTATION
3.1 Zeta-Potential Analyzer
A ζ-Plus Microelectrophoretic instrument (Brookhaven Instruments, Co.) was
used to measure the hydrodynamic diameter and the surface charge of halloysite
nanotubes. The instrument was calibrated using a standard sample from the
manufacturer. For each measurement of the sample, 20 μL of the sample was diluted
up to 1.8 mL by DI water. The ζ-potential was measured in ranges of 200 mV to -200
mV. The ζ-potential can be used for certain theoretical models, which can be further
used for finding out the ionic concentration (C) per unit area of the particles (m2).
3.2 Optical Microscope
An optical microscope Nikon Eclipse TE 2000-U (Nikon, Japan) equipped with
Ultra-high-speed wavelength switching illumination system Lambda DG-4 (Sutter
Instrument, USA) and CoolSNAP ES CCD camera (Photometrics, USA) was used for
morphological analysis of bacterial cell culture and Pickering emulsions.
3.3 Electron Microscopes
Two types of an electron microscopy technique were used for morphological
analysis. Scanning Electron Microscope Hitachi S 4800 FE was used for morphology
of pristine halloysite nanotubes and cryo-scanning electron microscope (cryo-SEM)
Hitachi S-4800 field emission scanning electron microscope for tubes on oil-water
28
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interface. For SEM observations, samples were suspended in water and dried at room
temperature on a silicon wafer. For Cryo-SEM imaging Pickering emulsions were
immersed in liquid nitrogen, followed by fracturing at −130°C using a flat-edge cold
knife and sublimation of the solvent at -95°C for 5 minutes. The sample was sputtered
with a gold−palladium composite at 10 mA for 60 s before imaging.
3.4 UV-Vis Spectrophotometer
Optical density (OD) of bacterial culture was measured at 600 nm using UVVis spectrophotometer 8453 (Agilent, USA) to determine the concentration of the
bacteria. Conversion factor of 1 o.u. = 5×108 cells/mL were used to calculate the
number of cells in the culture.
3.5 Fluorescent Plate Reader
Fluorescent plate reader Flx800 (BioTek, USA) was used for resazurin and
fluorescein diacetate metabolic activity fluorescent assays performed in 96-well plates.
The reader used a tungsten halogen lamp as a light source and was equipped with
interchangeable excitation and emission filters and temperature controlled dark
chamber.
3.6 Contact Angle System
Contact angle system QCA (Dataphysics) were used to measure the contact
angle of water on the surface of pellets of halloysite nanotubes. The CCD camera
records the shape of the drop residing on the top of the pellet. On a solid surface such
as halloysite, the drop shape and the contact angle depended on the solid’s surface free
energy. The captured image was then analyzed with a drop profile fitting method to
determine the contact angle.
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3.7 3-D Profilometer and Confocal Microscope Systems
Keyence VK-X150 laser microscope 3-D profile measurement system was used
for imaging hair and textile samples. The laser microscope functions in a similar way
to confocal microscope, collating pictures taken at subsequent focal lengths to produce
a three-dimensional image. The profile measurement system aided in measuring the
roughness of the surface which shows a change in coating with halloysite nanotubes.
3.8 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) was used to determine the loading
efficiency of the amount coated of compound on the surface of halloysite clay
nanotubes. Halloysite and its composites with any other compound were heated to a
temperature of up to 600°C to determine the quantity of each component in the prepared
composites. A heating rate of 10 ˚C per minute was used for the analysis. The organic
content in a composite is only from the loaded/coated compound and thus the weight
loss by pyrolysis of the carbon content corresponds to the compound of interest.
3.9 Other Supporting Instruments
Bench top press CH 4386 (Carver, Inc., U.S.A.) was used to press pellets of
halloysite for contact angle measurements. Branson 1510 ultrasonic water bath
(Branson Ultrasonics, U.S.A.) and bench top vortex (VWR, U.S.A.) were used to form
Pickering emulsions. Centrifuge 5804R (Eppendorf, Germany) with rotor FA-45-30-11
(30 x 2 mL tubes) and 5417C (Eppendorff, Germany) with rotor FA-45-24-11.
Benchtop autoclave Tuttnauer 3850M (Tuttnauer, U.S.A.) was used to sterilize the
media and glassware for bacterial culture experiments.

CHAPTER 4

HALLOYSITE ASSEMBLY ON OIL-WATER INTERFACE,
PICKERING EMULSIONS AND OIL SPILL BIOREMEDIATION
4.1 Preview
Research in this chapter has been published by A. Panchal et al., in Colloids
Surfaces, Biomaterials, v.164, 27-33, 2018, “Bacterial proliferation on clay nanotube
Pickering emulsions for oil spill bioremediation,” [80] and are used only in this
dissertation.
Pickering emulsions, which are stabilized by solid colloidal particles instead of
organic surfactants, are produced by the addition of nano/microparticles positioned on
the droplets’ interface. These emulsions, named after one of the technique’s pioneers
S. Pickering [81], may be useful for emulsification of spilled oil (Figure 4-1) [82]. In
2010, an explosion on the Deepwater Horizon (DWH) oil well drilling platform started
one of the world’s largest marine oil spills, releasing millions of barrels of crude
petroleum into the Gulf of Mexico [83]. In an effort to contain the spill, seven million
liters of hydrocarbon amphiphilic dispersants were applied at the leak for oil
emulsification [84]. The dispersants broke the oil plume into minute emulsion droplets
and could result in faster bio-remediation of the spill by naturally occurring degrading
microorganisms, including Alcanivorax borkumensis and Cycloclasticus pugetti [85].
These hydrocarbon bio-degraders have been detected in sea waters in close proximity
with natural hydrocarbon [85]–[87]. Most hydrocarbonoclastic organisms in a marine
31
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environment are able to produce their own bio surfactants, which also play roles in the
emulsification of an oil slick [88]. The oil dispersant Corexit EC 9500A, which contains
anionic and nonionic surfactants, was deployed in large quantities in response to the
DWH spill. This dispersant was found to facilitate the formation of “marine oil snow”
flakes consisting of bacteria, dispersed oil and suspended microparticles. The particles
of “marine oil snow” thus formed are denser than sea water and precipitated to the
bottom [89].

Figure 4-1: Schematic of halloysite Pickering emulsions for oil spill bioremediation
[80].

The negative effect of the anionic surfactant sodium dodecyl sulfate and the
nonionic surfactant Tween-20, both components, on proliferation of Alcanivorax
borkumensis was recently shown [90]. Marine bacteria with the ability to degrade
components of a dispersant formulation can grow in samples containing up to 100 ppm
of dispersants [91]. However, the addition of amphiphilic hydrocarbon dispersant
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reduces bacterial degradation of crude oil components, as reflected in the rates of
hydrocarbon oxidation. For example, the degradation rate of hexadecane and
naphthalene was 6 and 9 times lower after one week of incubation as compared to the
oil sample without dispersants, respectively [84]. The major disadvantages of chemical
dispersant applications as an oil spill response are the toxicity of the surfactants and
harmful solvents such as butoxyethanol present in the formulations [66].
Formation of oil in water Pickering emulsions stabilized by nano or micro
particles can be an alternative approach to increasing the surface area of spilled oil by
breaking it into very small droplets. The choice of particles that can assemble at the oilwater interface and lower the surface energy ranges from silica, latex and clay to even
bacterial cells [92]–[94]. Halloysite clay nanotubes are an interesting candidate for such
Pickering emulsions as they have been shown to work with crude oil [67], [95], [96].
In fact, cylindrical structures like halloysite with high aspect ratios have been
theoretically shown to have better stabilization at oil-water interface [65], [97]. Free
energy of detachment from oil-water interface is given by Eq. 4-1 and 4-2 for spherical
and cylindrical particles, respectively, where ∆
particle from the interface,

is the energy required to desorb a

is the interfacial tension at the interface, r and L

represent the radius and length of the particles and

being the contact angle of the

water on the solid particles [92], [95], [98]:
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)

Eq. 4-2

Figure 4-2 gives the free energy detachment as a function of the contact angle
which reveals that at

= 90°, cylindrical particles are the most efficient at stabilizing

oil-water emulsions. Thus, we use hydrophobically modified pristine halloysite in the
following sections.
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Figure 4-2: Free energy of detachment for spherical (red curve) and cylindrical
particles with aspect ratios 5 and 10 (blue and green curves respectively) as a function
of the contact angle of water on particles. Particles which are equally wetted by both
oil and water at θ = 90° are theoretically best at forming emulsions. Reprinted
(adapted) with permission from [65], Copyright 2015, American Chemical Society.

By loading the lumen with surfactants like DOSS (dioctyl sodium
sulfosuccinate salt), Span 80 and lecithin, Pickering emulsions are combined with
traditional amphiphile emulsions [66]. The synergy between the two methods form
emulsions that improve the dispersibility of crude oil [66].
Using high aspect ratio (length to diameter) clay nanotubes for oil
emulsification has an advantage as compared with the spherical nanoparticles of similar
weight and chemistry (e.g., silica) [96]. Hydrophobization of the halloysite surface by
silane coupling increases the resulting emulsion stability [67], [99]. The arrangement
of the nanotubes parallel to the interface allows for larger contact area and the
mechanical stiffening may suppress fluctuations that otherwise might facilitate droplet
coalescence.
Alkanes constitute the largest portion of crude oil by mass; hence, the
biodegradation of this fraction is quantitatively an important process in the removal of
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crude oil from the environment. In this study, we first describe the application of
pristine and hydrophobized halloysite nanotubes for n-hexadecane (model alkane)
emulsification and subsequently demonstrate that the approach works with Macondo
crude oil as well. Moreover, we demonstrate that halloysite nanotubes attract the
alkane-degrading bacteria A. borkumensis to emulsions formed with hexadecane as
well as with crude oil and demonstrate that halloysites stimulate the viability of A.
borkumensis cultured with hexadecane or crude oil as the sole carbon source.
Halloysite clay of 95-98% purity was obtained from Applied Minerals, Inc.,
NY. Hexamethyldisilazane (HMDS), octadecyltrimethylsilazane (ODTMS), decane,
dodecane, n-hexadecane, naphthalene, hexane, fluorescein diacetate, resazurin sodium
salt and acridine orange were purchased from Sigma-Aldrich.

Alcanivorax

borkumensis (A. borkumensis) bacteria was purchased from American Type Culture
Collection (ATCC®700651TM). The crude oil tested was collected from the Macondo
basin post at the Deepwater Horizon oil spill.
4.1.1 Hydrophobization of Halloysites
Hexamethyldisilazane (HMDS) and octadecyltrimethylsilazane (ODTMS)
were

purchased

from

Sigma-Aldrich.

500

mg

halloysite

and

10

mL

hexamethyldisilazane were mixed in 60 mL isopropanol and sonicated for 30 min [80].
The sonication is important to break down clumps and aggregates of the nanotubes and
expose singular tubes to the silane compound. The mixture is put under a reflux
condenser and the reaction is allowed to run for 20 hours at 80°C.
Octadecyltrimethylsilazane has an aliphatic C18 chain attached to a single silane centre,
which promises higher hydrophobization. Different ratios of halloysite to ODTMS are
added to 30 mL of toluene and the mixture refluxes for approximately 24 hours at 80°C.
The optimal ratio to maximize the contact angle is identified as 1: 4.5 (g / mL) [8], [80].

36
After the reaction with the silanes, the halloysites are thoroughly washed and dried at
60°C overnight.
A contact angle instrument OCA (Future Digital Scientific Corp.) was used to
analyze the contact angle of pristine and hydrophobized halloysites. Therefore, a sessile
water drop is deposited on the pressed halloysite pellet and the contact angle is
measured. In order to tune the contact angle of the halloysites, they are hydrophobized
with hexamethyldisilazane (HMDS) and octadecyltrimethoxysilane (ODTMS)
achieving a water contact angle of 30 ± 2 and 98 ± 3 respectively as compared to 16 ±
1º for pristine halloysite (Figure 4-3).

Figure 4-3: Contact angle of pure water on the surface of a pressed pellet of pristine
halloysite (A), halloysite hydrophobized with HMDS (B) and with ODTMS (C) [80].

4.1.2 Halloysite Length Distributions
To study the influence of the halloysites’ length on the size distribution of the
emulsion droplets, three different types of halloysite nanotubes were used for the
formulation: short halloysite supplied by Applied Minerals (USA) with average lengths
of 500 ± 200 nm which will be refereed as halloysite. Medium length halloysite from
Henan Province (China) with the average lengths of 750 ± 200 nm and long halloysite
supplied by I-Minerals (Canada) with the lengths of 1500 ± 500 nm were used in a few
special cases and will be referred correspondingly. The halloysites were hydrophobized
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with HMDS and ODTMS to ensure the formation of more stable emulsions working
also in sea water. The size of the oil droplets was measured 1 day after the formulation
of emulsions.
4.1.3 Formulation of Pickering Emulsions
As the oil phase, either pure dodecene or model Louisiana sweet petroleum (50
wt.% of hexane, 40 wt.% of decane and 10 wt.% of naphthalene) were used. Hexane,
decane and naphthalene were purchased from Sigma-Aldrich. Two formulation routes
were tested: a) in the case of model petroleum, it was mixed with water with a volume
oil ratio: water 1:3. Then 0.25-1 wt.% of dry powder of the halloysite nanotubes were
added on top and the dispersion was vortexed at 3200 rpm for 1-3 min. To disperse
halloysite aggregates, the mixture was ultra-sonicated for 5-10 min (40 kHz) and again
vortexed for 1 - 3 minutes. The formation of emulsions was proven with optical
microscopy (Figure 4-4). The oil droplet size distributions were measured 1, 3 and 7
days after the preparation. In case of dodecene as oil phase first the halloysites were
dispersed in water and emulsified with dodecene afterwards by ultra-sonication. Both
strategies give homogeneous emulsions.
4.1.4 Effect of Salinity
For studying salt effects on the stability of the halloysite emulsions with pure
water and with aqueous solutions containing sodium chloride (0.2 M and 0.6 M) were
fabricated. This range of molarity covers fresh to sea water. The size distribution of the
oil droplets was measured after storing the emulsions for 7 days without any agitation.
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Figure 4-4: A) SEM images of halloysite nanotubes. Optical (B) and cryo-SEM (C
and D) images of HNT emulsions with oil (hexadecane) showing halloysites on oilwater interface.

4.1.5 Droplet Size Distributions in Emulsions
To analyze the droplet size distributions, an optical microscope (Nikon Eclipse
E2300) was used. The size of the oil droplets was measured by analysis of digital
images taken under the optical microscope. Images were collected as follows: 10 µL of
emulsions were diluted to the final volume of 100 µL to allow medium density of oil
droplets in the field of view. To avoid the damage of oil droplets during microscopy,
two vertical lines across the slide were drawn with a wax pencil forming a rectangular
well. Then 20 microliters of the diluted sample were placed in the well and then covered
with the coverslip. Images were captured under 10x or 20x objective magnifications.
The collected images were used for analysis with Image J software (NIH) resulting in
Gaussian distribution curves of the particle sizes. Emulsions were formed with n-
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hexadecane in artificial sea water as described above and 0.5 wt.% of ODTMS
hydrophobized halloysites.
4.1.6 Type of the Emulsions and Halloysites Location
A fluorescence optical microscope (Axio Imager A1, Zeiss) was used to analyze
the type of the emulsions. Images were collected as follow: 3 µL of emulsions were
placed on a microscope slide and covered with a cover slip. Images were captured under
50x objective magnification. Furthermore, a cryo-SEM (Hitachi, S-4800) was used to
analyze the dodecene Pickering emulsion and the orientation of the halloysites at the
interface.
4.1.7 Bacterial Strain and Cultivation Conditions.
A. borkumensis was cultivated in Difco™ Marine broth supplemented with 0.5
vol.% of n-hexadecane in an environmental shaker at 30°C, 175 rpm. Marine broth was
prepared according to the manufacturer’s protocol with slight modifications. To
minimize the precipitate, the sterilized medium was vacuum-filtered using a 0.2 µm
pore diameter filter (Nalgene®) and kept in 10 mL aliquots at 4°C. Before use, the
medium was warmed to 30°C in a water bath. The stock culture of A. borkumensis was
kept plated on Marine Agar supplemented with 10 g/L of pyruvate at 4°C.
4.1.8 Growth and Metabolic Activity of A. borkumensis.
The optical density of a bacterial culture measured at 600 nm (OD600) using UVVis spectrophotometer will provide a measure of turbidity and is considered a standard
method for cell number determination. First, we established a conversion factor to
transform absorbance data to cell number per unit of volume. To do so, we measured
serial dilutions of a bacterial culture followed by plating the same serial dilutions on
marine agar. A single colony is considered to be derived from a single bacterium. Two
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days later, we counted the number of colonies on the plates and correlated the obtained
number with OD600. For all the experiments that followed, we used the conversion
factor of 1 o.u. (optical unit) = 5 × 108 cells/mL.
To monitor the growth of A. borkumensis, we measured OD600 at specified time
points against blank marine broth samples containing the same concentration of the
halloysite. The generation time ( ) is the time interval required for the cells to divide.
While growing exponentially, the number of cells in a bacterial population increases by
geometric progression. To calculate generation time ( ) we used Eq. 4-3[100]:
=
∆ – time interval (h),

∆
3.3 log(

/

)

Eq. 4-3

– number of bacteria at the end of the time interval,

– number of bacteria at the beginning of the time interval. The growth rate ( ) was
calculated using Eq. 4-4 [100]:
=

−
∆

- number of bacteria at the end of the time interval,

Eq. 4-4
– number of bacteria

at the beginning of the time interval, ∆ – time interval (h).
To assess the metabolic activity of the bacteria in the presence of halloysite
nanotubes, we used the resazurin assay [101]. The resorufin formed in the assay can be
quantified by measuring the relative fluorescence units (RFU) using a fluorescent plate
reader at an excitation wavelength in the range of 530-570 nm and an emission
wavelength in the range of 590-620 nm.
Halloysite suspension stocks were made at 5 mg/mL (0.5%) in ONR7a [102].
In a 250 mL flask, Pickering emulsions were prepared by mixing 2.4 mL of the
halloysite suspension with 0.6 mL of hexadecane or crude oil. The sample was mixed
forcefully, until an emulsion had formed. The total volume of culture medium was
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adjusted to 60 mL with ONR7a. Final concentration of halloysites in the culture was
0.2 mg/mL. A control omitting halloysite was also prepared. The culture flasks were
inoculated (1:100 v/v) with an A. borkumensis stock (OD600 ~ 0.5) grown on 1%
hexadecane in ONR7a. Samples were kept in an incubator at 30°C with shaking and
aliquots (1 mL) were taken at various time points for 40 hrs. post-inoculation. Cell
viability was measured by adding 10% v/v of a resazurin stock (0.4 mM) to each
aliquot. After 1-hour incubation in the dark, the aliquots were filtered using a 0.22 µm
filter to remove bacterial cells and halloysites. Triplicate samples were serially diluted
in a 96-well black-bottom plate and fluorescence was measured at 540/25 nm excitation
and 590/35 nm emission. Relative fluorescence units were plotted versus sample
dilution and for each time point the slope of the linear portion of this plot was used as
a relative measure of cell number for the growth curve.
4.1.9 Colonization of Pickering Oil Droplets by Bacteria.
Emulsions were formed with n-hexadecane or crude oil in artificial sea water as
described above and 0.5 wt.% of ODTMS hydrophobized halloysite. A. borkumensis
(ATCC® 700651TM) cells were added to the final concentration 107 cells/mL.
Emulsions with cells were then placed into the environmental shaker at 30ºC and
continues shaking at 175 rpm. The colonization of oil droplets with bacterial cells was
observed using bright field optical microscope Nikon Eclipse TE 2000-U equipped with
an oil immersion 100x objective. To observe emulsions in the least destructive way, we
applied two parallel lines of wax on the surface of a dry slide. Then, the suspension of
emulsions was placed in the well and covered with a cover slip. On the top of the cover
slip, we applied a drop of immersion oil.
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4.2 Results and Discussion
4.2.1 Control of the Structure of Halloysite Pickering Emulsions
In order to get high yield and selectivity during catalysis and for oil spill
remediation, the structure of the emulsions had to be controlled and tailored. As oil,
either the model petroleum or dodecene was used. Halloysites were added at different
concentrations. The degree of hydrophobization of the halloysite tubes was varied and
halloysites of different sizes were used. It was observed that the vortexing time did not
essentially affect the average diameter of the oil droplets in the case of a halloysite
content of 0.25 wt%. In contrast, in the presence of 0.5–1 wt% halloysites, the droplets
got smaller with increasing vortexing time from 1 to 3 min (Figure 4-5). For the
following experiments, the vortexing time was kept fixed at 1 min to keep the mixing
time minimum.
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Figure 4-5: Average diameter of the Pickering emulsion droplets formed with model
petroleum (oil phase) in water and 0.25; 0.5 and 1 wt.% of pristine halloysite (14a
refers to the batch number by supplier, Applied Minerals Inc., USA) measured (A)
after different durations of vortexing and (B) after several days (for 1 min vortexing
time). The oil : water volume ratio was 1:3. The respective mean diameters were
obtained from measurements of about 200 droplets each and the error was an average
deviation [8].
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In the next step, the storage stability of the emulsions was investigated in terms
of changes in droplet size. The average diameter of the emulsions formed with 0.25
wt% of pristine halloysite significantly increased from 6 to 22 μm after 7 days (blue
bars in Figure 4-5B), but less significant changes in diameter were observed in case of
emulsions formed with 0.5–1 wt% of pristine halloysite (orange and grey bars).
With increasing halloysite concentrations, the denser packing at the interface
prevented coalescence of the emulsions droplets. Hence, the highest concentration (1%
by wt.) used in the comparison studies was carried on in further experiments.
Size effects of halloysites on the droplet size distribution were studied with 1
wt% HMDS hydrophobized halloysite (Figure 4-6). Short halloysite nanotubes had an
average length of 400 nm, medium length halloysite had the average length of 750 nm
and long halloysite had an average length of 1500 nm [8]. The average droplet diameter
was not affected by the length of the halloysites in the range of 0.5–1.5 μm (Figure 46), though longer tubes provided a narrower size distribution of the droplets. An
explanation might be the higher resistance of long halloysite tubes against droplet
coalescence, which prevented the formation of the “distribution tail” toward larger
droplets [103]. For shorter halloysite tubes, it was difficult to visualize the tube location
on the oil droplet, but longer tubes were well visible under a microscope and they were
oriented parallel to the curvature on the droplets’ surface (Figure 4-7C).

Probability
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Figure 4-6: Diameter distribution of model petroleum droplets after 1 week in
emulsions formed with 1 wt.% of HNT of 3 different lengths [8]. The size distribution
is represented through a normalized probability distribution due to high variability of
the data. The cut-off of the curves beyond 0 on the left of the X axis is due to high
deviation. The peak and width of the curve are used as comparative indicators for
average size and variability, respectively. Similar convention applies to Figure 4-8.
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Figure 4-7: Optical microscopy images of 1 wt.% halloysite emulsions with 30% oil
(model petroleum): A-B) halloysite in model sea water at 0.6M NaCl and C) optical
image at the same condition but with long 1.5 µm halloysite allowing visualization of
the tube location. Oil:water volume ratio was 1:3 [8], [80].

In order to imitate the salinity of sea water and to measure its impact on size of
emulsions, studies in fresh water, at 0.2 M and, finally, at 0.6 M of sodium chloride
were carried out. The concentration of halloysite was fixed at 1 wt%. The halloysites
were hydrophobized by HMDS or ODTMS. Using pristine halloysite in pure and salted
water led to a broad distribution of oil droplets with an average diameter of ca. 170 μm
in case of pure water and ca. 100 μm in the case of salty 0.2 and 0.6 M NaCl water
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(Figure 4-8A). The halloysites with medium hydrophobization with HMDS (contact
angle of 30°) in pure water formed emulsions with an average diameter of 18 μm which
slightly increasesed in salty water (Figure 4-8B). The most stable emulsions with the
smallest droplet diameters of 4.0 ± 1.5 μm were obtained with ODTMS-hydrophobized
halloysite (Figure 4-8C). Therefore, this formulation was considered the best among
the studied ones for model petroleum emulsification.

Figure 4-8: Size distribution of oil droplets after one week. Emulsions were formed
with 1 wt.% of pristine (A), HMDS (B) and ODTMS (C) hydrophobized halloysite in
pure water and in aqueous 0.2 M and 0.6 M of NaCl.

The halloysite emulsification of dodecene for catalysis as well yielded oil
droplet diameters of ca. 4 μm. An explanation for the effect of salt might be the
screening of the electrostatic repulsion between pristine halloysite nanotubes in the
presence of salts. The screening led to denser packing of halloysites at the oil/water
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interface and to a decrease in the droplet size. In the case of hydrophobized halloysites,
salt had no effect on the interaction. The dense packing of the surface active halloysites
led to smaller droplets. Figure 4-9A shows an optical microscopy image of dodecene
droplets in the water phase. Furthermore, Figure 4-9B shows halloysites, which had
adsorbed ﬂuorescein and became visible in the ﬂuorescence microscope as green lines.
It can be observed that the halloysites were attached at the oil/water interface.
Another important difference between halloysite and silica stabilized emulsions
was that silica particles with extreme contact angles (Θ < 20° for hydrophilic and Θ
>160° for hydrophobic treatment) could not stabilize emulsions [93], [94], [104] while
emulsions could be stabilized by both hydrophilic (pristine) and hydrophobic
halloysites. This supports the conclusion that the shape of the nanoparticles has an
important effect on the stabilization as theoretically analyzed in [65]. For example, the
cylindrical (aspect ratio: 20:1) elongated particles had five times higher droplet surface
detachment energy than the same mass spherical particles [65]. Freeze fracture cryoscanning electron microscopy showed that the halloysite tubes were oriented laterally
at the surface of the ca. 3–10 μm diameter dodecene droplets (Figure 4-9C).

Figure 4-9: Dodecene-in-water emulsion stabilized by halloysites (water to dodecene
ratio 3:1, 0.5 wt.% halloysites). A: Optical microscopy image. B: Water phase doped
with fluorescein. C: freeze-fracture cryo SEM picture of a 3-10 μm sized dodecene
droplet coated with halloysites in water.
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4.2.2 Halloysite Nanosafety and Viability of the Bacteria.
Earlier, we have shown that the addition of 0.5-1 wt.% of clay nanotubes allows
for micro-emulsification of 3:1 water-oil mixture resulting in stable model or crude oil
micro droplets of 15-50 µm diameter for pristine and 5-6 µm for hydrophobized
halloysite (both in fresh and sea water) [67], [96]. In this section, we are analyzing
proliferation of hydrocarbonoclastic bacteria A. borkumensis on such oil-clay nanotube
emulsions.
To assess the viability of the bacteria, we monitored the growth of A.
borkumensis in marine broth supplemented with n-hexadecane (or crude oil) as a sole
carbon source in the presence of a variety of pristine (HNT) and ODTMS-halloysite
(HNT 99° - indicating the resulted contact angle) concentrations. Typical growth curves
of A. borkumensis are presented in Figures 4-10 A - B. Using data from the exponential
phase of those curves, we calculated the growth rate (Eq. 4-1).The average growth rate
of bacteria in the control sample was calculated to be 0.3 h-1, whereas the growth rate
of bacteria in the medium amended with pristine halloysite was 0.28 h-1 [80]. The above
data is consistent with the growth rate of A. borkumensis on alkanes of a different length
(the growth rate of the bacterium on n-hexadecane is 0.3 h-1 ) [102], [105], [106].

Figure 4-10: Growth curves of A. borkumensis in marine broth supplemented with
0.5% by vol. of n-hexadecane in presence of pristine (A) and hydrophobized
halloysite (B). Control is the bacteria grown in the medium without halloysite [80].
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Figure 4-10 shows that the addition of halloysite slightly decreased the growth
rate, which indicated that the population of bacteria grew a little bit slower as compared
to the control. This may be explained by the fact that the bacteria require more time to
adapt to an environment containing colloidal particles. There are no systematic studies
demonstrating the effects of pristine halloysite nanotubes on the growth rate of the
bacteria. However, it has been shown that poly(lactic-co-glycolic acid) composite
nanofibers containing halloysite nanotubes did not inhibit the growth of S. aureus
grown on agar plates [107]. Another study indicated that the addition of 0.5 and 1 wt.%
of pristine halloysite slowed down the growth rate of E. coli [108].
No significant difference was observed in the growth rate in cultures
supplemented with ODTMS hydrophobized halloysite (contact angle 99º). Surface
modification of nanoparticles might increase or decrease the cytotoxic effect of the
particles [109]–[111]. In this case, we can conclude that hydrophobized halloysite at
the tested concentrations is safe for A. borkumensis.
Metabolic activity of bacteria plays an important role in assessing the ability of
cells to consume and convert nutrients. It is not only an indicator of the cells’ viability
but also of activity relevant for the survival of bacterial enzymes such as
dehydrogenases. To assess the metabolic activity of bacteria in the presence of
halloysite, we used the resazurin assay measuring the activity of dehydrogenase
enzymes in vitro which reduces non-fluorescent blue resazurin to fluorescent pink
resorufin [101].
Figure 4-11 demonstrates the kinetics of resorufin production by bacteria in the
presence of 0.2 mg/mL of halloysite over a 40-hour experiment. The growth of A.
borkumensis in both cases was supplemented by 1% v/v hexadecane. The analyte was
filtered before the assay to eliminate the interference in resorufin fluorescence exhibited
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by halloysites [10]. The addition of halloysite essentially increased the rate of resorufin
production, which indicated a boost in the activity of bacterial enzymes. The metabolic
activity experienced a spurt after 24 hours and with halloysite, the rate of resorufin
production increased 2-4 times the proliferation of bacteria in control samples without
halloysite. The metabolism of A. borkumensis increased in a halloysite supplemented
medium with a change in the growth rate. This is not uncommon behaviour for bacteria
when shifted to a better growth medium. The examples of species like E. Coli and B.
subtilis are known to exhibit enhancement of their metabolism without increasing the
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replication rate when moved to a more favourable medium [31].
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Figure 4-11 Kinetic of resorufin production by A. borkumensis in presence of pristine
halloysite. RFU – relative fluorescent units. Error bar represent standard deviation for
the mean. Excitation: 540/35 nm, emission 600/40 nm.

4.2.3 Colonization of Oil Droplets by A. Borkumensis.
Colonization of dispersed oil by natural occurring hydrocarbon-degrading
microorganisms is the critical step in petroleum consumption after an oil spill [112].
Therefore, it is important to assess the colonization of oil dispersed with halloysite
nanotubes by model bacteria. A. borkumensis is a ubiquitous marine bacterium that
degrades the aliphatic portion of crude oil. Therefore, we used n-hexadecane as a
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primary model aliphatic source of carbon. After 2-3 days of growth in liquid culture
medium, we observed the formation of white flakes floating at the top of the culture
tubes. Microscopic observation of those flakes revealed a biofilm containing
microemulsions of oil with the diameter of droplets in the range of 10-50 µm (Figure
4-12A). Examination of the sample under an optical microscope with oil immersion
showed that oil droplets are surrounded with short (1.5 - 2.5 µm in length) rod-shaped
bacterial cells (Figure 4-12B).

C

Figure 4-12: Natural emulsions of n-hexadecane formed by A. borkumensis in marine
broth after 3 days of continuous shaking at 30°C and 175 rpm, showing general
morphology under low magnification (A) and enlarged view of a single oil droplet
with bacterial cells attached to it (B). Optical microscopy of A. borkumensis attached
to the surface of n-hexadecane emulsions formed with 1wt.% of hydrophobized
halloysite (contact angle 99°). Insert – enlarged portion of the image demonstrating
filamentous growth of bacteria (C).

Next, we formed n-hexadecane emulsions in marine broth containing ODTMShydrophobized (contact angle - 99°) halloysite followed by inoculation of A.
borkumensis to a final concentration of 107 cells/mL. Initially, there were no bacteria
attached to either of the oil microdroplets. After 5-7 days in the controlled environment,
emulsions were observed under the microscope. A typical microscopy image is shown
in Figure 4-12C. One can see that the bacteria were elongated and form a dense,
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patterned biofilm on the surface of the oil droplet. The pattern of the biofilm was formed
as a result of bacterial growth in between halloysite aggregates.
To test the ability of A. borkumensis to anchor and proliferate on the surface of
crude oil emulsions as compared to the present detergent-based technology, we
stabilized oil emulsions with a blend of artificial organic dispersants as well as with
halloysite. The dispersant blend consisted of 48% non-ionic and 35% of anionic
surfactants similar in composition to one utilized during the Horizon oil spill [113]. The
blend was mixed to closely resemble the formulations like Corexit used in response to
the DWH spill. Microscopy studies of those emulsions one and three days after
inoculation of bacteria demonstrated that a few bacterial cells were attached to the oilwater interface in emulsions made with the dispersant blend and hydrophobized
halloysite (Figure 4-13 A and E, respectively) one day after inoculation. In samples
containing pristine halloysite, attachment of cells to the emulsions occurred in the same
time (Figure 4-13C, red arrows).
We did not observe further proliferation of cells at the interface in the presence
of the dispersant blend (Figure 4-13B), whereas the bacteria formed a full biofilm in
the sample containing hydrophobized halloysite three days after inoculation (Figure 413F). An estimate of the density of A. borkumensis on 20 µm diameter increased five
times, from ca. 0.3 to almost dense packing of 1.5 bacteria per µm2 (± 20%, as estimated
by direct calculation). For oil emulsions based on pristine halloysite, the density of A.
borkumensis did not increase significantly. However, we observed the formation of
microbubbles of 2-3 µm in diameter on the surface of larger oil droplets (Figure. 413D). The lack of bacterial cells at the interface in the case of the blend of surfactants
may be related to the repulsion of the negatively charged bacterial cells by the anionic
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Figure 4-13: Optical microscopy images of Macondo crude oil emulsions formed with
1 wt.% dispersant blend (A, B), 1 wt.% of pristine HNT (C, D) and 1 wt.% of
hydrophobized ODTMS-halloysite (E, F) 1 and 3 days after inoculation of A.
borkumensis, respectively.

surfactant DOSS or lysis of the bacterial cells under the influence of surfactants. It has
been shown that DOSS (also known as AOT) at a concentration of 1.8 mM (0.08 wt.%)
suppressed the growth of A. borkumensis [90]. We used 1 wt.% of the dispersant blend
containing 35 wt.% of DOSS and non-ionic surfactants resulting in final DOSS
concentration of 0.35 wt.%.
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A similar growth was seen in pure oil samples without any halloysite; however,
the bacterial blend had to be vigorously mixed in order to achieve emulsion droplets
small enough to observe bacterial growth. In the event of an oil spill, dispersing a 2 mm
oil slick to 20 μm diameter droplets through halloysite Pickering emulsification offered
a million times greater surface area dotted with hydrophobized halloysite that was
conducive to bacterial proliferation.
4.3 Conclusions
Using well-defined 50-nm diameter halloysite clay nanotubes for oil
emulsification allowed for architectural control over oil-in water droplets. Optimization
of emulsions with nanotubes’ length between 0.4 and 1.5 μm and their surface
hydrophobicity through silanization allowed designing oil droplets with diameters of
3–5 μm stable in pure water and even in 0.6 M salt solutions, like sea water.
Addition of 0.5-1 wt.% halloysite powder to 1:3 oil / sea water mixture allowed
for micro-emulsification of Louisiana Macondo crude petroleum, enhancing
hydrocarbonoclastic bacteria proliferation. The emulsifying process was improved with
the use of hydrophobized, silanized halloysite nanotubes.
Addition of 0.5 wt.% of halloysite for oil emulsification significantly increased
the production of resorufin by A. borkumensis indicating their good proliferation.
Bacteria attachment to oil micro-droplets covered with halloysite (after 1 and 3 days)
was larger in number as opposed to oil droplets emulsified with Corexit® surfactants.
The bacteria did not proliferate at the oil-water interface laced with this anionic organic
surfactant blend. A. borkumensis proliferated especially well on ODTMS-halloysite
coated crude oil droplets and changed bacteria morphology to a more elongated shape.
Halloysite tubes are natural ecologically friendly submicron particles enabling
formation and stabilization of oil emulsions (synthetic one or raw petroleum) with
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energy input low enough to be provided by ocean turbulence (no need for sonication).
These nanotube formulations can be further optimized by outside clay tube
hydrophobization and inner-loading with organic surfactant and nutrition-enhancers.
This will allow for synergy on combined nanotubes loaded with traditional Corexit®
surfactant emulsification accomplished with enhancing bacteria growth. The
proliferation of the bacteria on halloysite showed that it is a promising formulation to
achieve ‘bioremediation’ through degradation of spilled crude oil in addition to
containing the spread by emulsification.
4.4 Reversing Pickering Emulsion Architecture to Form Liquid Marbles
4.4.1 Preview
In the previous sections, the ability of halloysite, both pristine and
hydrophobized, to break down oil into emulsions and encourage growth of hydrocarbon
degrading bacteria have been shown. Halloysites can align on a drop of oil to stabilize
it against surrounding water to give emulsions with an average diameter 5-10 m. In
this section, clay nanotubes encapsulated a drop of oil for stability against oil and sea
water. Highly hydrophobic halloysites repelled water strongly and possessed the
capillary forces necessary to hold a drop of water within a shell of tubes and prevent it
from coalescing with surrounding water (it is again Pickering process but on water / air
interface). The hydrophobicity of the particles, which in this case were halloysite tubes,
was a requisite to avoid wetting from the encapsulated water. Such formations are
termed as liquid marbles, inspired by the popular Raffaello™ sweets with a powdery
exterior holding a gooey liquid at the center (Figure 4-14 A). The liquid marbles (or
beads as they are also referred to) had been developed for microfluidics as transport
vesicles [114], [115]. Common choices as a substrate for coating the marbles have been
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silica nanoparticles [114], [116]. Preliminary research on using halloysite clay showed
that the marbles thus formed can be as robust and elastic as the ones made with silica
nanoparticles. Highly hydrophobic halloysites with contact angle above 90° had been
employed [117].

Figure 4-14: (A) “Raffaello” like beads, the inspiration for architecture of halloysite
liquid marbles. (B) Schematic for formation of marbles using hydrophobic halloysite.

We have used a similar approach to create marbles and developed it for oil spill
bioremediation. The goal of designing beads for oil spills is to encapsulate
hydrocarbonoclastic bacteria inside them to be released at the site of oil spill,
synergistically with halloysite emulsification. A small drop of less than 2.5 µl placed
on a bed of hydrophobic halloysite will roll and accumulate the nanotubes on the
surface. The halloysite being hydrophobic were not wetted by the water but repelled it
to move the drop forward, eventually gathering enough tubes to complete a covering
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on the surface. Figure 4-14B shows a small schematic demonstrating the same.
Octadecyltrimethoxysilane had been used to achieve the water-repelling modification
of halloysite repeating the process mentioned in section 4.1.1.
4.4.2 Bacterial Encapsulation inside Marbles
For oil spill, the liquid medium is an inoculum from active growing bacterial
culture. The bacterium used is Alcanivorax borkumensis for consistency with previous
growth curves (section 4.2.1). Figure 4-15 shows comparison of marbles made with 2.5
µl each of bacterial culture in log phase of growth at concentration of 10 cells/ml
(termed as simply bacteria) and with ONR7a growth media and Deionized (DI) water.

Figure 4-15: Optical images of marbles made with 2.5 µl each of bacterial culture,
ONR7a medium and DI water.
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Images over time showed marbles made with ONR7a and DI water had low
stability collapsing before 3 hours, whereas those with bacterial culture could be stable
for more than 19 hours, morphing into smaller beads. The explanation of such stability
can be attributed to the increased growth of A. borkumensis in presence of hydrophobic
halloysite as was proved in the previous section and the resultant growth of biofilm.
Figure 4-16 is an illustration of the effect biofilm can have on the interior of liquid
marble.
The halloysite shell covering the aqueous droplet was not impervious to
evaporation and overtime, the liquid evaporated and the marble was reduced to a pile
of clay. The active growing bacteria adhered themselves to the inner walls of conducive
halloysite surface and started producing biofilm as a result of degradation of the 1%
crude oil that had been included in the inoculum while preparing the marble [10], [118].
The biofilm thickened, reducing evaporation through the pores and providing
mechanical stability to the marbles. The increased weight of the biofilm kept them
stable over 1-2 weeks.

Figure 4-16: Biofilm growth aids in stability of marbles: Illustration of growth of A.
borkumensis inside halloysite tubes and subsequent biofilm growth on the sides.
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The growth of bacteria inside the marbles is proved by Figure 4-17 which shows
images of liquid marbles made with inoculum of FDA (Fluorescein diacetate)-stained
bacteria. FDA gave off a green color (512 nm) against a blue light (490 nm) in the
presence of enzymatic activity indicating healthy bacteria. About 0.2 ppm FDA
solution was added to active growing bacteria (log phase) and incubated inside liquid
marbles for 1 hour. FDA solution was also added to the growth media without the
bacteria inoculum as negative control. The bright green fluorescence in the case of
marbles with bacterial culture showed the growth of A. borkumensis inside the beads.

Figure 4-17: Optical images against blue light of marbles made with solutions stained
with FDA. A and B do not have any bacteria and fail to show green fluorescence
which is apparent in marble with active growing A. borkumensis culture inside it.
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4.4.3 Revival of Bacterial Growth from Storage inside Beads
Liquid marble formation can be a useful addition to using halloysite clay
nanotubes as a solution for oil spill bioremediation if the bacteria encapsulated inside
the marbles are able to revive under oceanic conditions. In order to test this, liquid
marbles formed with hydrophobic halloysites (contact angles 82 and 116°) and sterile
ONR7a media and A. borkumensis culture respectively were allowed to dry under
aseptic conditions for 1 and 3 days. The marbles, now flattened but still intact were
added to a fresh batch of sea growth media (ONR7a) and the growth was compared
with a biotic control containing approximately the same number of bacteria as those
used for making the bacterial liquid marbles. Timed samples from the growth media
were tested for activity as shown in Figure 4-18. The biotic control achieved the
exponential growth phase after 20 hours whereas the onset of log growth phase in media
with bacteria from marbles was delayed at 36 hours. The delay could be attributed to
the accumulation of bacteria inside the marble before their release into the media.
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Bacteria were able to revive after as much as 3 days of storage inside the marbles.

3500

Abiotic
Control

3000
2500
2000

Biotic
Control

1500
1000

CA 82˚

500
0

0

20

40

60

80

CA 116˚

Time (hrs)

Figure 4-18 Growth of A. borkumensis after storage for 1 day (A) and 3 days (B) in
liquid marbles.
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4.4.4 Future Experiments
Sufficient proof of concept is required to establish liquid marbles as a remedy
for oil spills. Bacterial revival which was shown to be successful up to 3 days had to be
extended to more than 10 days for a feasible window for storage. The network of
halloysite tubes surrounding the bacterial biofilm had to be modified to break apart
immediately upon contact with crude oil and remain intact in sea water for targeted
release near the spill site. External polymer scaffold had to be applied to achieve this
objective. Liquid marbles are another example of halloysite self-assembly at the oilwater interface, but with reverse architecture.
Disclaimer: Excerpts from the above chapter have been published in Panchal,
et al. (2018) [10]. I am the only graduate student on the author list and the papers have
been included only in my dissertation.

CHAPTER 5

COATING OF HALLOYSITE CLAY NANOTUBES ON
SURFACES OF HAIR AND NATURAL FIBERS
Research in this chapter was published as a paper by A. Panchal, et al.
Nanoscale, 2018, "Self-assembly of clay nanotubes on hair surface for medical and
cosmetic formulations" [119] and patented with US patent application # 16/037,206 by
Y. Lvov, A. Panchal, R. Fakhrullin “Coating of clay microtubes on surfaces of hair and
natural fibers” [20]. The results are used only in A. Panchal’s thesis and is cited with
reference to [20] and [119].
5.1 Preview
Hair, protein filaments covering the skin of mammals, including humans, plays
a pivotal role in skin protection, thermoregulation and touch sensing. Decayed,
damaged and depigmented (grey) hair is one of the most prominent indicators of disease
and ageing. Although human hair loss is not fatal, it may affect mental well-being and
requires medical intervention, including drug therapy [120], [121]. Being one of the
most visible human features, formulations augmenting the physical appearance of hair
such as pigmentation have always been popular. Depending upon permanent or
temporary color change, hair color products are formulated in many ways with different
ingredients. Permanent (shampoo-resistant) hair dyes consist of color precursors which
are oxidized on the hair surface by hydrogen peroxide. Contrary to damaging redox
reactions, natural hair colors that have been used for a thousand years and are proven
to be harmless [122], [123]. However, formulating them into user-friendly products is
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a challenge: we have to trade-off convenient aqueous based application for cumbersome
but longer lasting powder-based processes. Combining experience with loading drug,
dyes and polymer into the hollow lumen of clay nanotubes with self-assembly coating,
the research group has developed halloysites as micro-containers for efficient hair
coloring.
To demonstrate the applicability of this technique to other facets of haircare,
anti-lice formulations with halloysite nanotubes have been proposed. Hair in mammals
may be affected by numerous diseases or infested by parasites. Fungal diseases, mites,
lice and fleas depend on hair serving as a shelter and breeding habitat. Though parasites
as lice are less common in developed nations, they are still posing a significant threat
in developing countries, affecting millions [124], [125]. The increased resistance of
parasites due to ineffective delivery of anti-lice agents to hair surface warrants a better
therapeutic system to treat infections on hair [126].
Haircare formulation design often revolves around the intricate chemical and
physical makeup of hair. For the technique mentioned in this section, the importance of
external surface of hair; especially microstructures which look like attached flakes with
narrow gaps called cuticles is highlighted [121]. The cuticles - cortex composite
structure serve as binding sites for targeted interactions to adsorb drugs or dye. Lasting
hair treatments like conditioners are focused at surface binding driven by charge or
applied to the inter-cuticle spaces, for enhanced absorption into the cortex [124], [125].
Such formulations often disturb the natural chemistry of hair, causing their dryness,
oxidation and discoloration [125].
Halloysite clay nanotubes are used as coating on hair via physical adsorption
and self-assembly not involving any additional chemical treatment. In our approach
toward both cosmetic and medical hair treatment, encasing of dyes and drugs in
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biocompatible halloysite clay followed by spontaneous self-assembly of these
nanotubes on hair surface has been developed (Figures 5-1 and 5-2). Two tasks were
accomplished: first encapsulating dye/drug into nanotubes, which allowed usage of
many different compounds including those that are non-water soluble; and, second,
assembling these loaded clay tubules onto hair surface.

Figure 5-1: Introduction to self-assembly of halloysite clay nanotubes on hair: Hair
with applied clay nanotubes and development of the coating from anchoring in the
cuticle to capillary force / drying driven surface assembly (A) and AFM and SEM
images of a group of dried clay nanotubes (B-C) [119].
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Figure 5-2: Self-assembly of halloysite clay nanotubes on hair surface: SEM images
of pristine surface of human hair (A, C) and hair completely covered with halloysite
nanotubes (B, D). The cross-section TEM image of coated with darker halloysite
visible at the edge (E) and SEM of the same area (F) [119].

Halloysite nanotubes are excellent vehicles for carrying numerous types of
cargo (drugs, proteins, dyes, chemical inhibitors, metal nanoparticles), negatively
charged materials are sucked into the tubes’ lumens and positive ones adsorbed on the
tubes’ outer surfaces [12], [16], [40], [51], [127], [128]. The typical halloysite loading
mechanisms for negative or neutral molecules are driven by electrostatic interactions
or precipitation from saturated solution into the lumen [52], [129]. Diluted aqueous
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dispersions of halloysite (0.5 wt.%) stay suspended in water (pH 6.5) for 2-3 hours and
in the loaded state these nanotube colloids are stable for months [12], [70].
This allows for hydrophilic payloads and after the lumen hydrophobization, also
for water-insoluble compounds, making these designed clay nanocapsules highly
generic [130]. Such active core-shell tubule nanocapsules have been incorporated into
different polymers to produce novel composites with tailored release profiles of active
ingredients and to significantly extend their working duration (to weeks and even
months) [12], [17], [18], [131]. Many applications of halloysite as a container depend
on loading capacity and its lumen diameter [12], [23], [52], [132]. Clay nanotubes with
an enlarged cavity were prepared by a selective etching of alumina by its dissolution
with acidic treatment. The halloysite etched with sulfuric acid, showed a four-time
increase of loading capacity, from 9 to 35 wt.% [131].
The strategy, illustrated here with hair colorants and insecticide drugs, is
ubiquitous and can be extended to other medical hair treatments. Self-assembled
nanoscale materials, including biomedical materials, depend on spontaneous assembly
of nanosized elements into films, filaments, tubes or more complicated forms,
eventually bound to a specific surface [2], [19], [133]. In clay-hair surface engineering,
the assembly of the nanotubes in a multilayer coating is initiated in the hair cuticle
developing into a thicker layer during drying. This clay coating remains stable after
shampoo and assumingly is stabilized by inter-tube Van der Waals’ attractive forces.
One can control the density and thickness of the clay layers on hair by optimizing the
suspension concentration, pH and halloysite hydrophobicity. The method works well
on grey and pigmented human hair; animal hairs were also successfully coated. A stable
3-5 µm thick coating using halloysite loaded with hair colorants or anti-lice drugs was
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achieved. Surface-engineered hair clay coating is extremely resilient, enduring
numerous washes.
We demonstrate the effective brown color restoration in grey hair and color
change in young blond hair after their surface coating with the pigment-loaded
halloysite nanotubes. Additionally, we have shown the proof-of-concept study on the
loading of drugs into the nanotubes with subsequent deposition onto hair. The clay
nanotubes provide the extended release of drug onto hair and skin. Permethrin, a drug
used in treatment of lice and scabies in humans and animals, was used as a model
insecticide [134], [135]. We have evaluated the drug release and insecticidal effects
with Caenorhabditis elegans (free-living nematodes) resulting in efficient, long lasting
suppression of their proliferation. This approach allows us to reduce the concentrations
of insecticide drugs, thus minimizing the environmental pressure on health and growth
of useful insects like bees. It is useful for production of stable water-resistant drugloaded clay hair coatings for medical and veterinary care and for sustained
nanoformulation of topical drugs, targeting fungal or autoimmune diseases, such as
psoriasis.
5.1.1 Materials
Halloysite clay nanotubes were obtained from Applied Minerals, Inc. with
origin at Dragon mine, Utah, USA. Human hair samples were procured from a healthy
Caucasian female, 20 years old with no special treatment. Grey hair was obtained from
a 56-year-old male. Non-treated hair possesses all the usual layers on the cuticle,
including the 18-methyl eicosanoic acid (18-MEA) lipid layer, which is crucial to study
the behaviour of normal hair. Sodium dodecyl sulfate, lawsone, minoxidil and
permethrin were purchased from Sigma-Aldrich.
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Halloysite clay nanotubes, which have been milled and washed, were dispersed
with deionized water. The clay concentration was optimised at 7.5 mg ml-1 (Figure 5.3);
4-5 cm hair strands were rinsed in the dispersion for 1-5 minutes (optimum 3 min) and
then further washed with pure warm water and dried. This method was used for all
coating procedures, including hydrophobic and loaded halloysite.
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Figure 5-3: Profilometry surface area measurements of coated hair samples varying
with dispersion concentration.

A Hitachi FE SEM was used for the image procurement. For scanning electron
microscopy - SEM, hair samples were cut into 1-2 mm pieces with a slant edge of a
razor blade. The slant cuts of the hair made the cross-section more visible, giving a
perspective to the hair surface being analysed. 1-2 strands about 5 cm long were cut
into pieces which were then placed on top of a carbon adhesive tape through a small
plastic cone to form a heap. The small heap of hair fragments on the tape was subjected
to a gold coating (Cressington 208HR sputter coater) of 4 nm for better resolution under
the electron beam.
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5.1.2 Transmission Electron Microscopy and Scanning Electron Microscopy
Images were obtained at the Shared Instrumentation Facility of Louisiana State
University (Baton Rouge, LA) using a JEOL 1400 Biological and Soft Material TEM
where the strands of hair sample were embedded into an epoxy resin to be cut into cross
and longitudinal sections. Regular fixatives and buffer washes before the embedding
were avoided to leave the coating on hair unchanged. For SEM imaging and EDX
analysis dry hair samples (intact and halloysite-coated) were sputtered with a thin gold
layer using a BalTec sputter coater. Images were obtained using an Auriga SEM
operated at 20 kV accelerating voltage. SEM images were obtained for top view and
profile view of the freshly cut hair.
5.1.3 Profilometry and Confocal Microscopy
3-D profilometer and confocal Keyence VK-X150 microscope was used;
sample preparation and image processing: 500X and 1000 X magnification (50X and
100X objective lenses) of a microscope were employed to view the hair, with the 1000X
magnification used for better detail. The hair samples were perched on top of a glass
slide under enough tension to keep it straight with the help of adhesive tapes. After
collecting the laser and optical images, the images were processed for noise reduction,
Dark and Bright clearance, height cut-off and tilt-correction before the roughness
analysis. Accounting for the irregular curvature of hair surface, the tilt of the surface
was corrected to a near perfect semi-circular profile. The area to be analysed was fixed
to a rectangle of 75 x 25 µm measured at the centre of the extracted surface with
minimum curvature possible. The roughness parameter considered is Rq, which is the
root mean square of all measurements in the considered rectangle area.
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5.1.4 Atomic Force Microscopy
Dimension FastScan instrument (Bruker) operated by using Bruker Nanoscope
software in ScanAsyst™ mode in air using silicon-nitride ScanAsyst Air probes
(nominal tip radius 2 nm) was used to visualise halloysite tubes.
5.1.5 Dye and Drug Loading into Halloysite
Lawsone was checked for maximum solubility in differing ratios of water and
acetone and excess of acetone at 1:8 by volume respectively was found to be optimum
(Figure 5-4). Halloysites both pristine and with a hydrophobic lumen were dispersed in
45 mg ml-1 solution of lawsone in the water-acetone mixture.
The dispersion was sonicated for 5 min in order to break apart any halloysite
aggregates and exposed individual tubes’ lumen to loading. After stirring for 5 hours,
the mixture was subject to vacuum for 30 min. The solvent was replenished after the
vacuum time and mixture was again stirred for 1 hour. Sonication at this stage was
forbidden as it would cause the load of lawsone to release immediately from the lumen.
The vacuum and stirring cycle was repeated 2 more times followed by drying under
vacuum. The dried halloysites were washed with the solvent and centrifuged at 5000
rpm for 2 min to remove the excess lawsone. The final loaded tubes were kept under
vacuum overnight to dry out.
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Figure 5-4: Optimization of lawsone solubility (A). Lawsone was found to have
increased solubility in a mixture of water to acetone, with the 1:8 mixture bearing
solubility 2.25 times over pure acetone. TGA spectra of lawsone loaded in pristine (B)
and HNT-SDS (C).

5.1.6 Hydrophobization of the Nanotube Lumen
Halloysites and Sodium Dodecyl sulphate (SDS) was mixed into a dispersion
through ultra-sonication with HNT:SDS weight ratio at 1:1. The concentration of both
components was kept at 2 mg/ml below the critical micellar concentration (CMC) of
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2.364 mg/ml. The mixture was left stirring for 48 hours. After the stirring, the
precipitate after centrifugation @ 1000 rpm for 3 min was separated and analysed. The
separated part showed zeta potential corresponding to pristine unmodified halloysite (⁓
-30 mV) and hence was discarded as it showed no loading (Figure 5-5). The following
results were of the supernatant collected and centrifuged @ 5000 rpm, 20 min. The
higher zeta potential indicated neutralization of positive lumen and Thermogravimetric
analysis (TGA) showed a loading of SDS at 1.2% by wt.
Halloysite nanotubes were dispersed thoroughly through sonication in a
solution of SDS at 2 mg/ml with the weight ratio of halloysite: SDS being 1:1. Below
the critical micellar concentration, the SDS was in solution as linear chains and hence
more probable to enter the 15 nm wide lumen of halloysite tubes. SDS had been
previously used to modify lumen with a different protocol by Cavallaro et al[36]. The
halloysite-SDS dispersion was allowed to stir for 48 hours followed by centrifugation
for 3 min at 1000 rpm.
The absorption of SDS on positive alumina groups neutralized the positive
charges and increased the net negative charge of halloysite tubes (ζ-potential measured
with Brookhaven ZetaPlus Instrument) imparting greater ability to remain in
dispersion. Tubes that were successfully modified (halloysite-SDS) tended to remain
as colloid and the centrifugation helped to select such halloysites from supernatant and
eliminate the pellet of non-modified tubes. The selected supernatant was centrifuged at
a higher speed and time of 5000 rpm, 20 min to separate out the halloysite-SDS. The
separated halloysite were subjected to a series of washes with DI water to remove the
excess surfactant until the washes possessed the same surface tension as water. The
surface tension was measured using a pendant drop goniometer. After the washes,
which were normally 4-5, the halloysites were dried overnight under vacuum. The
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product was tested for zeta potential and loading by TGA. Thermogravimetry (TGA)
was performed with a Thermal Advantage Q50 instrument. UV–vis analysis was
performed using an Agilent spectrophotometer.
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Figure 5-5: TGA spectra of HNT-SDS against pristine halloysite with zeta potential
measurement labels showing increased negative charge on modified halloysite [20],
[119].

5.1.7 Loading Permethrin and Minoxidil inside Halloysite-SDS Lumen
Permethrin was dissolved in acetone at 20 mg ml-1 and halloysite-SDS were
dispersed in the solution at the same concentration. Halloysite-SDS and minoxidil were
added to methanol at 50 mg ml-1 each and dispersed through sonication. The respective
dispersions were stirred overnight and then subjected to vacuum and stirring cycles for
30 min and 1 hour, respectively, three times. The solvents were replenished after every
vacuum step. The solvent was dried off under vacuum after the third cycle and the dried
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tubes were washed with their respective solvents and centrifuged at 5000 rpm for 2 min
to separate out the excess drugs in both cases. The washed product was dried under
vacuum and analysed for loading with TGA (for more illustration, see Figure 5-22).
5.1.8 C. elegans Worms’ Maintenance and Toxicity Testing
Caenorhabditis elegans wild type strain (N2 Bristol) was maintained at 20°C in
darkness on agar-based nematode growth medium (NGM) (US Biological, USA)
plastic plates with Escherichia coli OP50 bacteria as a food source. To obtain the
synchronized worms, the gravid adults were washed from the dishes with M9 buffer
(22 mM KH2PO4, 42 mM Na2HPO4, 85.5 mM NaCl, 1 mM MgSO4), centrifuged and
then the pellet was mixed with aqueous 2% NaOCl and 0.45 M NaOH and incubated
for 10 min. After the complete decomposition of all live worms, the preserved eggs
were washed with M9 buffer several times and transferred to new sterile NGM plates.
After 24 hours of incubation at 20°C, the plates were filled with permethrin-loaded
halloysite nanotubes or pristine halloysite as control samples. Routine observation of
nematodes was performed using a Nikon SMZ 745 T stereomicroscope. Dark field (DF)
microscopy images of halloysite distribution on nematode cuticle and in intestines were
obtained using a CytoViva® enhanced dark-field condenser attached to an Olympus
BX51 upright microscope equipped with 100x fluorite objectives and DAGE CCD
cooled digital camera. Extra clean dust-free Nexterion® glass slides and coverslips
(Schott, Germany) were used for dark field microscopy imaging to minimize dust
interference. For SEM imaging and EDX analysis dry hair samples (intact and
halloysite-coated) were sputtered with a thin gold layer using a BalTec sputter coater.
Images were obtained using an Auriga SEM operated at 20 kV accelerating voltage.
SEM images were obtained for the top view and the profile view of the freshly cut hair.
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5.2 Results and Discussion
5.2.1 The Halloysite Assembly Process.
Halloysite clay nanotubes formed 2 hour stable aqueous dispersion at
concentration 0.5-1 wt.%, rescinding with time to a denser very stable colloid at ca. 6
wt.% of clay in mixture [18], [130]. Upon the 3 minutes washing hair with 0.75 wt.%
dispersion of pristine halloysite in water at pH 6.5 the surface of hair was covered with
a layer of these clay nanotubes as shown in Figure 5-2 B, D. The EDX aluminium and
silicon maps of alumina-silicate halloysite clay covered hair corresponded to the
deposits visible on the surface of the hair (Figure 5-6, Table 5.1). The external covered
surface of the hair and the increased roughness (root mean square roughness Rq)
indicates the arrangement of halloysite only on the external surface (Figure 5-7).
The coating was initiated from beneath the cuticles and spread along the flat
surface (Figure 5-8). The deposits of clay tubes within inter-cuticle spaces were
confirmed by TEM studies of cross-sections of halloysite coated human hair (Figure 59). Hair has a tendency to swell when wetted with water and its cuticles open up creating
space for the dispersed halloysite to penetrate into it [136]–[138]. After drying, the
cuticles closed down to their initial state, trapping the tube arrays between them. This
is evident in Figure 5-8 where tubes started anchoring at the inter-cuticle places and
then spilled out onto the surface of the adjoining cuticle and showed the development
of the halloysite nanoassembly with time from 1 to 3 min. One can see the progression
of coating from pristine “bare” hair (B) to deposits from beneath the cuticles spreading
to an increasing amount of halloysite in their vicinity with longer time of dispersion
exposure (C-D).
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Table 5-1: Weight and atomic percentages of the elements on the coated hair fragment
for Figure 5.6

Element Weight% Atomic%
N
O
Al
Si
S
Ca

20.13
60.85
1.56
1.47
15.71
0.28

24.58
65.04
0.99
0.90
8.38
0.12

Figure 5-6: EDX spectra elemental maps of hair coated by pristine halloysite tubes.
Original image (A) and corresponding Aluminium (B), Silica (C), Nitrogen (D),
Calcium (E), Oxygen (F), Sulphur (G) and Carbon (H) maps. The Si and Al maps (B
andC) are imprints of the halloysite deposit sites on the hair’s surface [119].
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Figure 5-7: Visual and roughness measurement of bare (A) and coated (B) hair with
the Rq enlarged in the inset.

Figure 5-8: Development of nanotubes assembly with time: Partial coating of
halloysite on hair (A) as a function of treatment time at 1, 2 and 3 mins (B-D),
respectively [119].
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Figure 5-9: Profilometry measurements of pristine hair show cuticles are spaced out at
an interval of ca. 10 µm away from each other (A). The TEM image (B) of
longitudinal section of halloysite coated hair show dark clay deposits at a similar
interval indicating the cuticle ends as sites for initiation of assembly of halloysite
tubes [119].

The coating thickness was 3-5 µm and contained a few layers of randomly
attached clay nanotubes. The approximate quantitative evaluation of coating was done
by combining optical (confocal) and electron microscopy results (TEM and SEM). The
nanotube coating on hair resulted in increase of the surface roughness of the hair by 30
- 50% (Figure 5.6).
The cross-section TEM image (Figure 5-2 E) provides the thickness of the
coating which was assumed to be spread over the curved surface area of a hair strand
which was evaluated from the 3-D confocal and SEM images (Figure 5-2 A-C). The
intrinsic density of halloysite gives the approximate weight coating (1% by weight) and
can be corroborated by TGA.
In order to illustrate the ubiquity of the halloysite self-assembly on natural
fibers, a similar process was carried out on hair from different animal sources like dog
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(Figure 5-10), cat (Figure 5-11) and horse (Figure 5-12) from nearby farms. The visual
evidence through microscope images and profilometry measurements showed similar
coating as that for human hair in Figure 5-7.

Figure 5-10: Visual and roughness measurement of bare (A) and coated (B) dog hair
with Rq enlarged in the inset.

Figure 5-11: Visual and roughness measurement of bare (A) and coated (B) cat hair
with Rq enlarged in the inset.
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Figure 5-12: Visual and roughness measurement of bare (A) and coated (B) horse hair
with Rq enlarged in the inset.

5.2.2 Robustness of Halloysite Coating
The halloysite coating displayed robustness when subjected to a series of
washings. To underline the strength of the coating, a strand of coated hair was washed
in swirling water for one hour and then was examined under a 3-D confocal microscope
(Figures 5-13 – 5-15).
The halloysite coating analysed, both visually and through roughness
measurements, had shown good resistance to washing (the roughness characteristic for
halloysite coating was reduced only by a small amount, refer Figures 5-13 – 5-15).
Excluding any covalent bonds between the halloysite surface and the hair surface,
hydrogen bonds and Van der Waals force tube-tube interactions remained as the
possible reasons for this strong halloysite coating.
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Figure 5-13: Robust clay coating: Optical images of surface of halloysite coated hair
with blue square indicating area of measurement and 3D confical image, before (A-C)
and after (D-F) 1- hour shampoo wash respectively. After wash, images show an
intact layer of tubes on the surface and no significant change in surface roughness (Rq
values inset). Similar results have been obtained for coating with hydrophobized
halloysite (Figures 5.14, 5.15) [119].

Figure 5-14: Optical microscope images of coating of ODTMS-halloysite CA 57° on
hair (left) is intact after 1-hour rigorous wash (right) as indicated by optical pictures
and roughness measurement (Rq).
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Figure 5-15: Optical microscope images of coating of ODTMS-halloysite CA 116° on
hair (left) is intact after 1-hour rigorous wash (right) as indicated by optical pictures
and roughness measurement (Rq).

Halloysite coating on hair was only on the surface and not embedded into the
proteinaceous network of hair to affect any bulk mechanical properties (viz. elasticity
and swelling). Being a surface coating, roughness was a mechanical property that could
be affected and it has been shown to remain unchanged with coating.
5.2.3 Hydrophobic Halloysite Interactions
Halloysites’ external surface was composed of Si-OH groups which contributed
to the dispersibility in water and the hydrogen bond-forming capacity of the nanotubes
[12]. We modified halloysites’ surface to study possible change in the self-assembly
process and to sort out the type of forces involved. In order to render the halloysite
hydrophobic, silane molecules with long aliphatic chains have been grafted on the SiOH groups on the tubes’ external surface.28 The binding or adhesion of such tubes was
predominantly due to Van der Waals forces as the hydroxyl centres contributing to
hydrogen bonds had been shielded by the aliphatic group. The absence of hydrogen
bonding groups on the surface made these tubes less stable in an aqueous dispersion
favouring to the assembly on hair. The better assembly of hydrophobic halloysite on
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hair indicated the larger role that Van der Waals forces play in attaching tubes to hair
surface (Figure 5-16).

Figure 5-16: Coating thickness increases with hydrophobic, electrostatically shielded
tubes: Hair coating after dipping in dispersion of pristine (A), medium hydrophobic
halloysite contact angle 84° and more hydrophobic halloysite contact angle 116° after
1 minute (B-C) and coating after 3-min treatment (D-F) [119].

The coating of halloysite after 1-minute dispersion wash was more extensive
with increasing the degree of hydrophobicity of halloysite from pristine contact angle
14° to treated halloysite with 84° and finally 116° (Figure 5.16 A-C). After a 3-minute
(longer) coating, the pictures (D-F) followed the same trend with maximal coating over
the entire hair surface with hydrophobic 116° halloysite. The higher hydrophobic
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halloysite displayed the best (bulkier) self-assembly pointing to the fact that the coating
on the hair was dominated by Van der Waals forces.
5.2.4 Dye Loading into Halloysite Tubes for Colorant Formulations.
Halloysite clay nanotubes have a 15 nm diameter lumen at the centre which is
lined with alumina groups and the outer surface of the tubes is made up of coordinated
silica molecules, providing inside / outside opposite charges at neutral pH [12], [31].
This offers selectivity to negative compounds that can be loaded into the lumen. From
cosmetic and therapeutic haircare formulations, we chose hair coloring as the first
application for hair surface engineering. The dye selected was the anionic coloring
molecule extracted from the henna plant (Lawsonia inermis): 2-hydroxy-1,4naphthoquinone commonly known as lawsone.
Lawsone was loaded in the halloysite lumen (Figure 5.4B, C and 5.17F) by
dissolving in a mixture of water and acetone at saturated solubility of 45 mg ml-1 (Figure
5.4), followed by subjecting a mixture of halloysite and lawsone to overnight stirring
and three short vacuum cycles of 30 min each. Lawsone is yellow in color in its nondissociated form above pH 6 and it turns orange to brown in dissociated acidic form
(below pH 3) [139], which is the desired shade for hair cosmetic care. However,
lawsone in solvents below pH 3 could bind to the keratin proteins on the hair as they
are negatively charged and unavailable for conjugating with the lawsone anion (1,2
quinone form) [139]. Our choice of acetic acid to bring the pH down to 4.5 was
significant as it aids in the swelling of hair [140], [141]. Such hair swelling promotes
initial anchoring of halloysite by creating more inter-cuticle spaces. Besides, acetic acid
in the form of homemade vinegar has been traditionally used in human hair care [142].
We obtained selective 6.0 ± 1.0 wt.% lawsone loading into the halloysite lumen, leaving
the outer tube’s surface intact for the self-assembly process. Such loaded and dried
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halloysite can be kept on shelf for years without any leakage of the dye to be used for
hair coloring when needed.
With abovementioned nanotube self-assembly procedure, we colored grey hair
to red by 3 min washing with 0.75 wt.% dispersion of lawsone-loaded halloysite in
acetic acid at pH 4.5. The color on the hair through the halloysite lumen lasted without
change for six shampoo-water washing cycles (Figure 5-17). By themselves, halloysite
nanotubes did not impart any color or opacity to the coating as was evidenced from
various studies that underlined the transparent property of halloysite in composite films
[143]–[146]. Dark-field microscopy (Figure 5-17 D, E) was used in conjunction with
hyperspectral imaging to demonstrate the changes in color induced by dye-loaded
halloysite. From high resolution images (Figure 5-17 B-C), could can see that more
intensive color was concentrated at the hair surface containing the layer of lawsonehalloysite. We have to underline that the described procedure is applicable for any dyes,
including non-water soluble ones which may be loaded into hydrophobized halloysite
lumens [18], [36]. Color molecules blue indigo carmine, shikonin, carmine from the
Indigofera tinctifera, Alkanna tinctoria plants and Dactylopius coccus insect can be
loaded inside the nanotube lumen (Figures 5-18 – 5-21), keeping the formulation
natural preventing allergic reactions [147], [148]. Our formulation for hair coloring
avoids direct contact of dyes to hair, replacing the currently accepted hair chemical
modification process to the physical sorption self-assembly. This approach may
drastically widen the color palette for the hair care with the clay encapsulation of dyes
which, for different reasons, are prevented from use in human haircare products.
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Figure 5-17: Color treatment of hair via halloysite self–assembly: Grey hair (upper
image, A) washed for 3 minutes treated with an aqueous dispersion of lawsone-loaded
halloysite gives a bright orange color (bottom image, A). High definition images of
hair coated with orange lawsone loaded halloysite (B-C). Dark field images of intact
grey (D) and colored grey (E) hair from the same person (note the color change and
the visible halloysite-dye aggregate indicated by the arrow); reflected light spectra
recorded in transmission dark field microscopy mode demonstrating the color change
in grey hair after dye-halloysite composite deposition onto the hair (G). The
thermogravimetric analysis results of lawsone-loaded halloysite tubes (F) shows their
increased weight loss against pristine halloysites referring to the incineration of
organic dye content [119].
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Figure 5-18: TGA spectra (A) and image of HNT-Indigo halloysite (B).
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Figure 5-19: TGA spectra (A) and image of cochineal extract (carmine) in pristine
halloysite (B).
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Figure 5-20: TGA spectra (A) and image of shikonin from extract of Alkanet root
encapsulated in pristine halloysite (B).
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Figure 5-21: Lawsone loaded HNT-SDS.

5.2.5 Drug Loading into Halloysite Nanotubes for Sustained Medical Treatment
Hair cannot only be affected from age discoloration or other cosmetic defects,
but can also be infected by insects, fungi and other micro-organisms. Halloysite selfassembly on the hair can act as a potent treatment to reduce the therapeutic burden of
such problems by loading the lumen with active pharmaceutical molecules with
sustained delivery over a few days.
Lice infestations carry an uneasy past with prevalent growth and spread and
continue to be a menace, especially in young children and farm animals. The human
lice, Pediculus humanus capitis, spend their lifespan on the hair, resting and laying eggs
near the scalp [149]. Popular anti-lice treatments, containing pyrethroids, are available
as scalp creams and shampoos [150], [151]. In recent years, these drugs are losing
efficacy as lice are developing resistance against the active agents. Besides, it is easily
washed out and have to be re-applied periodically [126]. Non-availability of the active
drug at the primary target site into the cuticles is one of the reasons for the resistance
[149], [151]. Halloysite, with their robust assembly on the hair surface and ability to
carry a load of drugs within its lumen, can target the hair cuticle gaps which are the
primary site of infestations and propagation for the lice.
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Permethrin, a widely used synthetic pyrethroid, is a water-insoluble potent antilice compound [135], [150]. To encapsulate it in halloysite, the nanotube’s lumen was
hydrophobized to enhance loading with hydrophobic permethrin (Figure 5-5). Another
chosen hair drug was minoxidil, which has been proven to induce hair growth factors
topically and is prescribed as an effective medication against alopecia [152]–[156].
Hydrophobic modification of halloysite lumens was done by selective
absorption of negative surfactant, sodium dodecyl sulfate (SDS) into the positivelycharged lumen (Figure 5-5). Twelve carbon atoms aliphatic chain provided the
necessary hydrophobicity to the inner surface of the nanotubes allowing for loading
water-insoluble active compounds from their respective organic solutions (Figure 5-5),
which was confirmed by an increase of the halloysite ζ-potential from -30 to -62 mV
due to neutralization of the inner cation groups (Figure 5-5). TGA analysis indicated
3.0 ± 0.1 wt.% permethrin and 6.9 ± 0.1 wt.% minoxidil contents and such loaded
nanotubes might be kept without loss of drug for a long time and applied as an
assembled layer onto the hair after simple washing with halloysite dispersion (Figure
5-22 A and B, respectively) [119].
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Figure 5-22: Permethrin and minoxidil are water insoluble compounds which are
challenging to incorporate in aqueous formulations. Halloysite pre-treated for a
hydrophobic lumen can load such molecules, as is shown by the TGA graphs and
disperse in an aqueous formulation.
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5.2.6 Biocide Efficiency of the Drug-Loaded Halloysite
As a proof of concept of drug-loaded halloysite for anti-lice treatment, we
employed Caenorhabditis elegans nematodes to investigate the in vivo uptake and toxic
effects of permethrin-halloysite formulations. Loading of biocidal drugs, such as
permethrin, into halloysite followed by an application on the hair will be an excellent
approach to pediculosis and scabies, which are caused by arthropod ectoparasites [157].
Nematodes belong to a different invertebrate type than arthropods, but they have been
reported to be susceptible to permethrin [158]. Using nematodes in permethrinhalloysite toxicity testing allows avoiding the drawbacks of lice infestation in humans
[159]. We followed our previously published protocol [15] using wild type C. elegans
which were subjected to 250 µm ml-1 permethrin- halloysite. The permethrin-loaded
nanotubes adhered to the nematode cuticle (Figure 5-23 A-B) and we also detected
nanotubes in their intestines. We detected the increased number of dead animals having
rod-shaped rigid appearance (Figure 5-23 C) and having abnormal morphologies
(Figure 5.23 D). After 24 h of co-incubation of young adult (L4 growth stage) C.
elegans nematodes with permethrin-halloysite, 85% of the worms were dead, as
detected by a lack of touch-induced movement. It has been previously shown that
pristine halloysite does not induce any toxicity in C. elegans, even at high concentration
and prolonged exposure [160] and thus the mortality of worms was only due to the
effect of permethrin release from the tubes’ lumen. The worms investigated in this study
were exposed to halloysite loaded with permethrin; therefore, the animals took up the
drug-loaded nanotubes. Our results suggest that halloysite loaded with permethrin
facilitates the biocide effect of permethrin, apparently due to the increased uptake
during halloysite penetration in the intestines.
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Figure 5-23: Permethrin-loaded halloysite was detected both on cuticle (A) and in the
intestines (B) of C. elegans nematodes killing the worms (C) and inducing the
abnormal morphologies (D) [20].

C. elegans was used as a convenient model to demonstrate the toxicity of
permethrin loaded into halloysite lumens. In our future work we expect to extend our
investigation of the effects of this material on lice. Since halloysite effectively forms
uniform layered coatings on hair surface, insecticide-loaded nanotubes assembled onto
human or animal hair would bring the drug into the direct contact with lice, which
normally move along the hair and firmly attach their eggs and nits to the hair surface
[161]. In the case of halloysite-based insecticide use, the parasites will be exposed to
the high-density drug-filled coating, thus increasing the efficacy and duration of the
treatment, enabling extended exposure for treatment. Future experiments will include

91

quantifying lice-killing effects of insecticide-loaded clay nanotubes according to
established veterinary protocols and may even require experiments involving human
volunteers.
5.3 Assembly On Textile Fibers
The proteinaceous and scaffolding of the hair fiber can extend to point out the
similarities in other fibers of natural origin. For example, silk and wool both share the
keratin protein with hair and the surface, like hair is an opportune substrate for
modifications [162]–[165]. Results of halloysite self-assembly on such silk and wool
fibers are shown in Figure 5-24. The procedure followed was the same as for hair with
concentration of dispersion at 7.5 mg/mL and washed for 5 min followed by rinsing.

Figure 5-24 Silk textile fibers before (A) and after (B) pristine halloysite dispersion
wash. Wool textile fibers before (C) and after (D) halloysite dispersion wash.

The coating of halloysite on commercial fibers opens up avenues to coating that
adds to the functionality or improves the performance of textiles made from these
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fibers. Clay as a thermal insulator can impart flame retardancy to fibers, which can be
enhanced by loading the lumen of the nanotubes with additional flame suppressing
chemicals like benzotriazole [46], [166].
Declaration: Excerpts from the above chapter have been published in Panchal
et al. (2018) [119]. I am the only graduate student in the author list and some sections
from the papers have been included only in my dissertation with referencing.

CHAPTER 6

CONCLUSIONS
Realizing the potential of interfacial self-assembly for halloysite clay
nanotubes, we developed a technique for the nanotube coating of oil microbubbles for
spill petroleum emulsification and spontaneous coating of biological microfibers (hair,
wool). The choice of material as halloysite clay nanotubes is unique regarding its size,
surface charge, hydrophobicity, high length/diameter ratio, biosafety and availability in
tons at a low price. A dual chemistry, silica outside and alumina in the interior, results
in opposing charges in/out of the nanotubes. This allows external halloysite grafting
through silanization and selective load of active compound (detergents, dyes and drugs)
into the nanotubes’ lumen. These are the strategic ideas which have driven the work on
halloysite Pickering emulsification of spilled oil with enhanced bioremediation through
improvement of bacteria proliferation and controlled halloysite functional coating on
bio microfibers for coloring and medical treatment. Experiments with self-assembly on
different surfaces like oil bubbles and hair/wool as choices of organic substrates
resulted in unique nanotube coating patterns. The science of these assemblies have been
extended to feasible applications.
1)

Halloysite surface modification and oil micro-emulsification: External

modifications of the halloysite’s surface to render the tubes to be able to assemble on
oil-water interface. Halloysites inherently are hydrophilic in nature and silane grafting
on the external silica-hydroxyl groups renders the halloysite hydrophobic. The
octadecyltrimethylsilazane (ODTMS) reaction was optimized to produce halloysites
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with degree of hydrophilicity with air-water contact angle of 30 to 120°. Using 0.5
wt.% of hydrophobized halloysite allowed the formation of stable oil (model
dodecane and Louisiana Macondo crude oil) microemulsions with 4-10 µm diameter
bubbles coated with 2-3 layers of halloysite, stable in pure water and in simulated sea
water with 0.6 M NaCl. Internal nanotube coating with sodium dodecyl sulfate
allowed for the lumen hydrophobization to load water-insoluble compounds and
detergents, like industrial emulsifying agent, Corexit®.
The formation of Pickering emulsions was designed as a remedial solution for
oceanic oil spills. The efforts to bio-remediate oil spills was motivated by the
Deepwater Horizon disaster in 2010 (the spill of 210 million gallons of crude oil). In
order to stop the spread of spilled oil, 1.6 million gallons of a detergent-dispersant,
Corexit®, was air-sprayed onto the Mexican Gulf waters. However, this detergent
affected the growth of oil-degrading bacteria which demands alternate, environmentfriendly solutions, which may be nanoclay Pickering emulsification.
2)

Enhanced microbial proliferation: Halloysite emulsification is proven to be

environmentally safe and enhances bacteria growth/proliferation. Halloysite
Pickering emulsions have shown the increase of the attachment and proliferation of
Alcanivorax borkumensis and Cycloclasticus pugetii, - two oil eating bacterial species
found in a population bloom after the Gulf of Mexico spill. The smaller emulsions of
4-5 µm diameter formed with the help of hydrophobic halloysite offer a larger and
more conducive surface area for the bacteria to grow upon (in 72 hrs we observed ca.
100-time increase in the number of bacteria on surface of a 5 µm diameter oil bubble).
The technique was extended for A. borkumensis encapsulation in reversed
halloysite micro-marbles (microdroplets encapsulation of aqueous bacteria). With
this, we tried to combine the spill oil emulsification and oil-eating bacteria delivery
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in one approach developing the bacteria encapsulation in halloysite capsules. The
liquid marbles were proposed as an addition to designing a holistic solution for oil
spill bioremediation. ODTMS-hydrophobized halloysite (water contact angle 130140º) are able to encapsulate aqueous bacterial culture within a small droplet (0.5 mm
diameter). Active growth of bacteria within the marble creates a biofilm aligning the
internal surface of the marble, providing additional mechanical support to the capsule.
Over drying the marbles lose the water and trap a layer of biofilm which contains
bacteria. After 7-day of halloysite dry encapsulation storage, the bacteria have been
shown to revive themselves into active growth when added to sea water growth
media. In future, this will allow us to extend our efforts in making halloysite-bacteria
microbeads for spray process with dual functionality: spill petroleum emulsification
and biodegradation.
3)

Spontaneous hair nanocoating with halloysite: Clay nanotubes had been also

assembled on different hair surfaces as a substrate. Aqueous halloysite clay nanotube
self-assembly on the surface of human hair formed a robust multilayer coating. The
process was based on 3 minutes’ application of 1 wt.% aqueous dispersion of
color/drug loaded halloysite resulting in 3 µm thick uniform hair coating. Before the
application, clay nanotubes were loaded with selected dyes (orange and blue) or drugs
allowing for the hair coloring or medical treatment. The halloysite coating was intact
for at least 6 shampoo washes, providing a long lasting coloring to hair.
4)

Hair coloring and medical treatment with halloysite. The halloysite sustained

drug delivery perspective for elimination of hair parasites as demonstrated with
permethrin formulations. The lumen of the halloysites have been utilized in this case
where they have been hydrophobised selectively with a negative surfactant, sodium
dodecyl sulfate, to enable the loading of non-water soluble dyes and drugs into the
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tubes. Natural origin hydrophobic dyes resulted in a unique hair color formulation
that could color grey hair in 3 minutes. Anti-lice chemicals loaded into the lumen ,
help in sustained release and exhibiting 85% mortality in microworms over only 2
hours. Many relevant hair color and medical agents were insoluble in water; they can
be encapsulated inside the hydrophobized halloysite lumen and then applied as water
based nanoclay colloids [123], [151], [167], [168]. By using halloysite encapsulation,
we eliminate the issue of compatibility the colors and other hair care agents. By
mixing halloysite tubes loaded with different dyes or drugs, versatile formulations
targeting several hair treatments simultaneously can be designed.
5)

Microfiber-halloysite self-assembly was extended for coating of wool fibers

(actually presenting another type of animal hair), lignocellulose microfibers (which
are dead wood biocells) and with less success to silk fiber coating. Halloysite coating
with cationic polyelectrolytes (polyethyleneimine or chitosan) was helpful for silk
coating. We have some preliminary data on enhanced flame retardant properties of
halloysite coated fibers (including textile), the direction which the technique may be
developed in future.
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