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ABSTRACT

Colloidal systems play an important role in various industrial fields. As these
systems are usually unstable, considerable effort is devoted to their stabilization
by suitable stabilizers. A wide range of substances is used for this
purpose; however, due to the growing need to protect the environment, attention
Is increasingly focused on materials from renewable natural sources and materials
showing biocompatibility with living systems. In this context, nanocellulose is
considered one of the new potential candidates for the development of materials
and products towards a more sustainable future. With the growing development
of nanotechnology, nanocellulose has emerged as a very interesting material. Due
to its remarkable properties, ecological nature, and easy availability, it is
considered one of the most important “green" materials of the modern age.

Following the issue of stabilization of dispersion systems, the doctoral thesis is
devoted to cellulose nanoparticles and their ability to stabilize colloidal
dispersions. Specifically, two types of dispersion systems are studied here. The
first type are classical dispersions, where the Pickering emulsions composed of
a combination of titanium dioxide particles and cellulose nanoparticles are
studied. Such systems could be used, for example, in UV protection products. The
second type of studied systems includes conducting polyaniline-based colloidal
dispersions prepared by polymerization in the presence of two types of cellulose
nanoparticles, namely cellulose nanocrystals or nanofibers. In the next step, the
work focused on the use of these systems for the preparation of Pickering
emulsions and thin conducting films with potential applications in biomedicine.

Key words: nanocellulose, polyaniline, Pickering emulsions, colloidal dispersion,
stabilization



ABSTRAKT

Koloidni systémy hraji vyznamnou roli v fad¢ primyslovych odvétvi. Jelikoz
se obvykle jednd o nestabilni systémy, je zna¢né Usili vénovano jejich stabilizaci
pomoci vhodnych stabilizatori. Ke stabilizaci koloidnich systémt lze pouzit
Sirokou $kalu latek, av§ak vzhledem k rostoucim potfebam spole¢nosti a nutnosti
ochrany Zivotniho prostfedi se pozornost stile vice upira na materidly
z obnovitelnych pfirodnich zdrojii a na materidly vykazujici biokompatibilitu
s zivymi systémy. V této souvislosti je nanoceluldéza povazovana za jeden
Z novych potencidlnich kandidath pro vyvoj materiali a produktli smérem
K udrziteln€jsi budoucnosti. S rostoucim rozvojem nanotechnologii se
nanoceluloza ukazala jako velmi zajimavy material. Diky svym pozoruhodnym
vlastnostem, ekologické povaze a snadné dostupnosti je povazovana za jeden
Z nejvyznamngéjSich ,,zelenych* material moderni doby.

V navaznosti na problematiku stabilizace disperznich systémill se dizertacni
prace vénuje nanoceluld6zovym ¢asticim a jejich schopnosti stabilizovat koloidni
disperze. Konkrétné jsou zde studovany dva typy disperznich systémi. Prvnim
typem jsou klasické koloidni disperze, kde je studovéna ptiprava Pickeringovych
emulzi vyuZivajici ke stabilizaci kombinaci €astic oxidu titani¢itého a Castic
nanocelulozy. Takové systémy by mohly najit uplatnéni naptiklad v ptipravcich
na ochranu proti UV zafeni. Druhy typ studovanych systémil zahrnuje vodive
koloidni disperze na bazi polyanilinu pfipravené polymeraci ve vodném prostiedi
vyuzivajici ke stabilizaci dva typy nanocelul6zovych ¢astic, a to celulozove
nanokrystaly nebo nanofibrily. V dal§im kroku se prace soustfedila na vyuZziti
téchto systémil pro pifipravu Pickeringovych emulzi a tenkych vodivych filmi
S potencidlnimi aplikacemi v biomedicing.

Klicova slova: nanoceluloza, polyanilin, Pickeringovy emulze, koloidni disperze,
stabilizace



1. BACKGROUND

The field of nanotechnology is one of the most exciting and dynamic areas of
science today. Nanotechnology deals with the production and use of materials of
different types at the nanoscale level in various fields, such as medicine, the
automobile industry, electronics, energy storage, catalysis, cosmetics,
biotechnology, and environmental applications [1-3]. Nanomaterial is currently
defined by the European Commission (2011/696/EU) as a natural, incidental, or
manufactured material containing particles, in an unbound state or as an
aggregate or as an agglomerate and where, for 50 % or more of the particles in
the number size distribution, one or more external dimensions is in the size range
1 nm — 100 nm. Nanoparticles (NPs) are the basic component in the production of
nanostructures [4], and according to the International Organization for
Standardization (ISO) (ISO/TS 80004-2:2015), they are defined as an object with
three dimensions below 100 nm. However, the definitions of nanomaterials and
nanoparticles are not completely uniform. They vary from organization to
organization and continue to be an area of active scientific and political debate
[4-6]. Because of their size, NPs have high surface-to-volume ratios, so they
exhibit very specific physical and chemical properties which make them suitable
candidates for various applications [1]. Compared to conventional materials, the
properties of nanoscale materials can impart new material properties and
biological behaviour [7,8]. In recent years, more attention has been focused on
nanoscale bio-based materials. In the field of nanotechnology, nanocellulose has
emerged as a highly interesting biomaterial and is considered one of the most
promising materials [9].

The primary goal of this doctoral thesis is to investigate the ability of cellulose
nanoparticles, whether they are natural or modified, to stabilize colloidal
dispersions, as well as to research systems derived from them. Thus, this work
advances the knowledge of the behaviour of cellulose nanoparticles, a topic that
Is currently being investigated by many scientists.



2. NANOCELLULOSE

Cellulose is the most abundant renewable polymer consisting of glucose units
linked by p-(1-4) glycosidic bonds (Fig. 1) [10,11]. This naturally occurring
polysaccharide excels in extraordinary properties such as large
bioavailability, biodegradability, high biocompatibility, sustainability, and low
price. These properties make it a promising candidate for use in biocompatible
products [12,13]. In addition, cellulose contains a significant amount of hydroxyl
groups with a good affinity to various polymers, including conducting polymers
[12-14].
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Figure 1 Chemical structure of cellulose.

In recent years, interest has focused on nanocellulose, especially for its
interesting properties and wide range of possible applications [15]. Cellulose can
be converted to nanocellulose wusing various approaches, such as
mechanical, chemical, and enzymatic treatments (Fig. 2) [16]. Three main types
of nanocellulose include, (1) cellulose nanocrystals (CNC) also called
nanocrystalline cellulose, cellulose (nano) whiskers, rod-like cellulose
microcrystals; (2) cellulose nanofibrils (CNF) also known as nanofibrillated
cellulose (NFC), microfibrillated cellulose (MFC), cellulose nanofibers; and (3)
bacterial cellulose (BC) or microbial cellulose [17]. It should be mentioned that
in the literature, the above-given classification and designation of nanocelluloses
are not unequivocally used, therefore, several examples of the same material
differing in the name are given above. Each type of nanocellulose excels in
specific properties that determine its future application. In general, the properties
of nanocelluloses mainly depend on the fabrication route, processing
conditions, the source of cellulose, and the subsequent functionalization of the
surface [18,19]. The attractive properties of nanocellulose include outstanding
mechanical properties, biocompatibility, adaptable surface chemistry, great
optical properties, and primarily compatibility with a broad range of materials
such as polymers, proteins, and/or cells. Due to these properties, nanocellulose
has enormous potential in many applications [20]. In this context, the use of
nanocellulose in the field of biomedicine is particularly interesting. Because some
tissues respond to electrical fields and stimuli [21], conductivity is considered
an important characteristic in biomedical applications. Therefore, it could be
advantageous to combine biocompatible nanocellulose with electrically
conducting polymers in the development of biomedical materials. In addition to
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these applications, the use of nanocellulose in cosmetics is also interesting.
Especially in the case of topical applications, nanocellulose can be used as carriers
for UV-blocking products [22].
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Figure 2 General process for the isolation of cellulose nanocrystals (CNC),
cellulose nanofibers (CNF), and bacterial cellulose (BC) from cellulose sources.
TEM micrographs adapted from [23].

2.1 Cellulose nanocrystals

Cellulose nanocrystals (CNC), as illustrated in Fig. 3a, have a rod-shaped
structure (length ~ 100-250 nm and diameter ~ 5-70 nm) that tapers at the end of
the crystal. During CNC production, the amorphous regions of cellulose are
removed which leads to highly rigid nanomaterial with high crystallinity [24].
CNC can be prepared by hydrolysis with sulfuric or hydrochloric acids or via
oxidation with strong oxidizing agents such as
2,2,6,6-tetramethylpiperidine-1-oxy radicals (TEMPO) or ammonium persulfate
(APS). During the hydrolysis with sulfate acid, charged sulfate ester groups
(-OSO3H) are introduced onto the cellulose surfaces, which contribute to the
electrostatic stabilization of the CNC in an aqueous suspension. The disadvantage
of this method is the high consumption of sulfuric acid and the high costs of its
recycling. Similarly, hydrochloric acid can be used.
TEMPO-mediated oxidation substitutes Cg-hydroxyl groups with Ce-carboxyl
groups on cellulose crystal surfaces [25-28]. Correspondingly to acid hydrolysis,
TEMPO-mediated oxidation uses harmful agents such as hydrazine or sodium
borohydride (NaBH,), which show toxicity and generate a lot of chemical waste
[29]. A more energy-efficient method for obtaining CNC is based on the oxidation
of cellulose materials with APS, which exhibits low long-term toxicity, high
solubility in water, and a favourable price. The preparation of highly crystalline
CNC according to Leung et al. [30] via oxidation with APS produces
nanocellulose with —COOH groups at the surface and higher thermal stability than

10



traditional hydrolysis-produced CNC [31]. Due to the carboxyl groups on the
CNC surface, the nanocellulose prepared by this process is referred to as
carboxylated cellulose nanocrystals (cCNC) [29].

2.2 Cellulose nanofibers

Cellulose nanofibers (CNF)!, also called microfibrillated cellulose (MFC) or
nanofibrillated cellulose (NFC), excels in low-density and high mechanical
properties [32]. It contains very long cellulose nanofibers with a length of
~ 1-10 um and a diameter of ~ 5-60 nm (Fig 3b). The longer fibers of the CNF
compared to the shorter rod-like CNC are due to the presence of an amorphous
region in the CNF which results in different shapes of fibrils starting from
cylindrical to flat ribbon-like structures. The production of CNF requires a lot of
mechanical energy but is less demanding concerning the use of chemicals
compared to CNC. CNFs can be produced in several different ways [24] such as
high-pressure homogenization or other mechanical processes, which can be used
individually or in combinations. However, the disadvantage of the process is the
high consumption of energy. In this context, some pretreatments of the starting
material are included in the CNF manufacture to reduce the size of fibers before
homogenization. These pre-treatments can be mechanical, such as refining or
cryo-crushing, biological which includes enzymes, or chemical employing alkali
[32].

2.3 Bacterial cellulose

Bacterial cellulose (BC) is an extracellular polysaccharide produced by some
bacteria such as the genera Gluconacetobacter (formerly Acetobacter),
Agrobacterium, Aerobacter, Achromobacter, Azotobacter, Rhizobium, Sarcina,
and Salmonella. Although the molecular formula of BC is the same as that of plant
cellulose, its physical and chemical properties are different. Compared to plant
cellulose, BC has a high purity and exhibits a higher degree of polymerization and
crystallinity resulting in a very high elastic modulus. Moreover, BC also exhibits
higher tensile strength and water-holding capacity than plant cellulose [33]. In
terms of morphology, BC shows a characteristic ribbon-like nanofiber structure
(Fig. 3c) with a diameter of ~ 20-100 nm. In addition, BC nanofibers are about
100 times thinner than plant cellulose fibers [24,33]. Considering the challenging
large-scale production and commercialization of the BC, the use of CNC or CNF
appears to be a more attractive alternative [14,34].

! Cellulose nanofibers are abbreviated differently in literature — we adopted CNF in this
thesis.
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3. COLLOIDAL DISPERSIONS

Disperse system refers to a two-phase system with one substance (dispersed
phase) distributed throughout the second substance (continuous phase). There are
two main approaches to the classification of dispersion systems: 1) the nature of
the dispersed and continuous phases (Tab. 1), and 2) the size range of dispersed
particles/droplets [35,36]. As far as particle/droplet size is concerned, dispersions
are generally classified as molecular dispersions (< 1 nm), colloidal dispersions
(1 nm — 1um), and coarse dispersions (> 1um) [37]. The latter classification is
important due to the different behaviour of these systems in a given colloidal
range. For example, coarse dispersions are more prone to sedimentation than
colloidal dispersions due to their greater particle size and deficiency of Brownian
motion [35]. Nevertheless, even systems with particle sizes outside the colloidal
range exhibit many of the properties of colloidal dispersions [38,39].

Dispersion systems are of great importance for various applications; especially
colloids play an essential role in our daily life and industry. The doctoral thesis,
therefore, further focuses on the topics related to colloidal dispersions.

Table 1 Types of disperse systems [36].

Dispersed phase Dispersion Medium Type
Solid Liquid Suspension
Liquid Liquid Emulsion
Liquid Solid Gel
Liquid Gas Aerosol
Gas Liquid Foam
Solid Solid Composite

In colloid science, colloids can further be classified into two groups, lyophilic
and lyophobic. Examples of lyophilic dispersions are surfactant micelles or
protein solutions. Lyophobic dispersions include emulsions, foams, suspensions,
or aerosols [38]. Lyophilic colloidal dispersions are thermodynamically stable
systems that form spontaneously in contact with the phases due to the affinity of
the dispersed phase for the dispersion medium. On the other hand, lyophobic
colloids are thermodynamically unstable and arise through the input of
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mechanical energy. They can be prepared using two approaches 1) dispersion
methods including the breakdown of larger particles into particles of colloidal
dimensions with a colloid mill or ultrasound; and 2) condensation methods
involving chemical reactions, in which colloidal particles are formed by
aggregation of smaller particles. In the case of dispersion methods, the particles
will tend to reunite, which can be prevented by the addition of a stabilizing agent,
for example, a surfactant [38,39].

3.1 Emulsions

Emulsions are an important class of dispersed systems with a wide range of
applications, which are composed of two immiscible liquids [40,41]. Generally,
the formation of emulsions requires using of mechanical force to break up large
droplets of the dispersed phase in the continuous phase [42]. There are several
emulsification methods, such as simple shaking, mixing with rotor-stator systems,
liquid injection through porous membranes, or high-pressure homogenizers and
ultrasound generators [43]. Emulsions can generally be classified as oil-in-water
(O/W) or water-in-oil (W/O) emulsions, depending on whether the dispersed
phase is oil or water, respectively. In addition to these simple emulsions, there are
other types of multiple emulsions such as oil-in-water-in-oil (O/W/O) or
water-in-oil-in-water (W/O/W) emulsions. Furthermore, water-in-water (W/W)
or oil-in-water-in-water (O/W/W) emulsions can exist [44]. Since emulsions are
thermodynamically unstable systems, it is necessary to stabilize them by adding
a third substance, an emulsifier, which acts as an emulsion stabilizer [45]. One of
the most important factors determining not only the stability of the emulsion but
also its physical and chemical properties is the choice of a suitable stabilizer [44].
There are many different stabilizers such as surfactant molecules, polymers,
proteins, or particles [46] of which surfactants are the most common. Due to their
amphiphilic structure, surfactants can adsorb to the surface of freshly formed
droplets during homogenization, and stabilize the droplets by reducing the surface
tension between oil and water and simultaneously covering them with a thin film
preventing aggregation [43-45,47]. For surfactants, the hydrophilic-lipophilic
balance (HLB) system serves as a guide for their selection [48].

3.2 Pickering emulsions

A special type of emulsions are the Pickering emulsions (PE), which use solid
particles for the stabilization of emulsion droplets. Various particles, such as
starch [49,50], silica [51,52], calcium carbonate [53,54], titanium dioxide
[55-57], or organic particles [58] can be used to stabilize Pickering emulsions,
and their diversity allows the preparation of emulsions with custom features and
functions [59]. In practice, effective Pickering stabilization can be achieved using
particles whose average size is at least an order of magnitude smaller than the size
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of the emulsion droplets. For this reason, nanoparticles are needed to stabilize
submicrometer droplets [60].

Compared to other stabilization mechanisms, stabilization by solid particles
offers many advantages, such as high stability against coalescence and Ostwald
ripening [50]. Pickering emulsions are also characterized by low toxicity and
excellent skin compatibility compared to conventional surfactant-stabilized
emulsions, which sometimes show negative effects on the skin, often
demonstrated by their irritation. In many cases, Pickering emulsions are
biologically compatible and environmentally friendly [61-63]. These special
types of emulsions are considered promising systems in the field of biomedicine,
food, cosmetics, and many others [41]. Moreover, Pickering emulsions, which are
sensitive to external stimuli (e.g. temperature, pH, or light), have an interesting
use [62].

3.2.1 Mechanism of stabilization

The mechanism of stabilization by solid particles is completely different from
the mechanism of stabilization by surfactants (Fig. 4). The precondition for
particles to stabilize droplets is their wetting by both phases (oil/water). The
adsorbed particles then form a steric (or electrostatic) barrier between the oll
droplets and can accumulate irreversibly on the interface, which leads to effective
stabilization [41,59]. By theory, the strength of adsorption can be expressed using
desorption energy AGd, which represents the energy required to remove the
spherical particle of radius r and contact angle & from the oil/water interface with
interfacial tension y.w and is defined by equation (1). In Pickering emulsions, the
value of this energy is very high and therefore adsorption of particles at the
interface is almost irreversible, which makes Pickering emulsions more stable
compared to conventional emulsions [64].

AGq = 1T Yoy (1 — |cos|)? 1)

The location of the solid particles at the interface between the oil and water
phases is determined by the contact angle (also referred to as a wetting angle)
[59], and according to the so-called Finkle's rule, depending on the contact angle,
it is possible to predict which type of emulsion will be formed [65]. If the contact
angle is larger than 90°, the particles will stabilize W/O emulsions, while at
a contact angle of less than 90°, the O/W emulsions will be stabilized [41,59]. In
addition, for strongly hydrophilic particles, a large part of their volume remains
in the water phase and therefore cannot provide a sufficient barrier to hinder
droplet coalescence. Similarly, for strongly hydrophobic particles, a large part of
their volume resides in the oil phase leading to less protection for droplet
coalescence.

An alternative method how to improve emulsion stability may be using
a combination of stabilizers, which can be incorporated into the emulsion by
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various approaches such as co-adsorption, complexation, or layer-by-layer
method. An interesting approach is the layer-by-layer (LbL) method, which
consists of the rapid adsorption of a stabilizer with an electric charge on the
droplet surface during homogenization and forming a "primary" emulsion
followed by the addition of a second, oppositely charged stabilizer which adsorbs
on the droplet and forms a "secondary" emulsion containing droplets coated with
a bilayer interface formed through electrostatic attraction. This process can be
repeated several times to form a series of layers around the droplets that can
improve their stability [66,67]. This method allows the gradual adsorption of
various components such as nanoparticles, proteins, or enzymes because the
growth of the layer can be controlled not only by their electrostatic attraction but
also by other forces, such as hydrogen bonding or hydrophobic interactions [68].
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Figure 4 Schematic diagram of an O/W emulsion droplet showing different
interfacial stabilization by a) surfactant, and b) solid particles.

3.2.2 Factors influencing the stability of Pickering emulsions

The stability of Pickering emulsions lies in the compact arrangement of solid
particles on the surface of the emulsion droplets preventing their collision and
agglomeration. Simultaneously, particles adsorbed on the surface of the droplets
increase the repulsive force between the droplets, thereby improving emulsion
stability. The stability of Pickering emulsions can be evaluated using various
techniques such as microscopy, particle size analysis, zeta potential, high-speed
centrifugation, conductivity, turbidity, and rheological analysis [69].

The stability of PE mainly depends on the properties of the particles and the
properties of the used oil and aqueous phases [70]. The key parameters
influencing the stability are 1) the wettability of the particles reflecting their
hydrophilicity or hydrophobicity [71] and 2) the size, morphology, and
concentration of the particles used for stabilization. Generally, the particles used
to stabilize emulsions should be smaller than the target emulsion droplet size.
Additionally, the adsorption time at the interface increases with growing particle
size causing an increase in final droplet size [72]. The concentration of solid
particles has also an important effect on the stability of Pickering emulsions.
A higher concentration of solid particles causes more particles to be adsorbed at
the interface leading to more effective prevention of droplet aggregation [73]. On
the other hand, at a low concentration of particles, coalescence and the destruction
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of the emulsion droplets occur earlier before the particles can stabilize them.
However, a high concentration of particles does not always lead to a dense
coverage of the surface of the emulsion droplets, and on the contrary, a weak
coverage does not necessarily cause poor stability of emulsions [72]. Particle
morphology also greatly affects the stability of emulsions. Although spherical
particles are the most studied, stabilization with ellipsoidal particles
(e.g. polystyrene particles), dimer particles, flake-like particles (laponite clays),
layered double hydroxides or graphene oxides, and rod-like particles (carbon
nanotubes, cellulose nanocrystals, silica nanowires) has been reported [74].

Oil type and volume fraction are other important factors affecting emulsion
stability [75]. In general, the type of oil affects the interfacial tension of the
oil-water interface, and can also affect the interactions with the particles [70].
Here, the main variables are the viscosity and polarity of the oil phase. The very
high viscosity of the oil can reduce the fluidity of the droplet interface preventing
the adsorption of particles on it, as well as slowing down the adsorption rate
leading to the formation of large droplets [69]. In addition, the oil/water ratio can
affect the type of emulsion. Changes in the O/W ratio at constant particle
wettability or with progressive changes in particle wettability can then cause
catastrophic phase inversion [70,76].

Particle charge, salt concentration, and pH can also dramatically change the
stability of emulsions. The pH of the system changes the surface charge of
particles and thus the electrostatic interaction between them and regulates the
adsorption behaviour as well as the barrier created at the oil-water interface [75].
Furthermore, the presence of salt in the aqueous phase of the emulsion will cause
an electrostatic shielding effect on the particles leading to a change in the surface
charge of the particles and adsorption at the interface, which will affect the
stability of the emulsion [75]. Thus, the type and stability of Pickering emulsions
can be modulated by controlling and/or adjusting the pH and ionic strength [70].

In summary, the selection of a suitable stabilizer is a critical factor in the
preparation of Pickering emulsions and simultaneously there are many factors
affecting their stability. Therefore, in the preparation of Pickering emulsion,
a more detailed experiment should be carried out to find the best formula [69,77].

3.2.3 Cellulose nanoparticles as an emulsion stabilizer

A variety of cellulose particles can be used to stabilize emulsion systems, of
which CNC shows high efficiency in stabilizing interfaces [78]. CNCs were
shown to facilitate the formation of O/W emulsions without the addition of
surfactants, which is attributed to their partially amphiphilic character. Despite
the overall hydrophilicity of the CNCs, the edges of nanocrystals are hydrophobic,
allowing adsorption at the oil-water interface. The hydrophilic nature of the CNC
predetermines its better performance in the stabilization of O/W emulsions.
However, after suitable surface functionalization, cellulose can also stabilize
emulsions with a continuous oil phase [79]. According to Andersen et al., it is
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possible to adjust the hydrophobicity of cellulose fibers using several procedures,
such as silylation [80] or using quaternary ammonium salts [26]. As for specific
applications, Wen et al. prepared emulsions containing D-limonene stabilized by
CNC [81], Mikulcova et al. studied emulsions containing components of essential
oils stabilized by CNC and CNF (designated MFC in the publication) [82] and the
same authors prepared in their next study O/W pH-responsive emulsions
stabilized by cCNC containing carboxyl groups on the surface [83]. CNC as an
emulsion stabilizer was also used in [26,84-89].

The CNF (designated MFC in the publication) stabilized emulsions prepared
by Winuprasith and Suphantharika showed that the stability of the emulsions
increased with decreasing fiber size and increasing CNF concentration [90].
Xhanari et al. investigated the emulsions prepared with CNF (designated MFC in
the publication) of relatively low hydrophobicity and concluded that the main
mechanism preventing the coalescence of emulsion droplets is network formation
[91]. Similarly, Mitbumrung et al. revealed that CNF (designated NFC in the
publication) stabilized the emulsions by adsorption at the oil-water interface,
forming a steric barrier that provided electrostatic repulsion. Moreover, a
three-dimensional network in the continuous phase was formed [92]. In another
study, water-in-toluene emulsions stabilized solely by hydrophobized CNF
(designated MFC in the publication) were investigated. The emulsions showed
excellent stability which increased with growing CNF concentration [80].

Although the use of BC as a stabilizer is limited by low production capacity, it
has been employed in several studies. For example, Yan et al. dealt with the
synthesis of BC and bacterial cellulose nanocrystals (BCN) and proved their
ability to stabilize olive oil Pickering emulsions. In addition, BCN was more
sensitive to changes in pH and ionic strength than BC, revealing better colloidal
properties of BC [93]. A similar conclusion was drawn by Paximada et al., who
used different types of cellulose (hydroxypropyl methylcellulose, carboxymethyl
cellulose, and BC) to stabilize O/W emulsions. Correspondingly to the previous
study, BC emulsions were not affected by changes in pH, temperature, or ionic
strength, unlike emulsions prepared with the remaining two cellulose polymers.
Overall, emulsions with BC showed the highest stability compared to emulsions
with other used celluloses [94]. Further studies with BC as an emulsion stabilizer
were also performed [95-98].

3.2.4 Pickering emulsions for topical applications

Pickering emulsions can be used in many fields including pharmaceutics and
cosmetics in topically applied products. Here, they gradually substitute traditional
surfactants that cause skin irritation and other adverse side effects [99-101].

In topical applications, Pickering emulsions can act as platforms for skin
photoprotection [102]. Since sunscreens are emulsion-based products [103],
physical UV filters can be directly used as emulsion stabilizers [104]. Among
physical UV filters, titanium dioxide (TiO,) and zinc oxide (ZnO) are widely used
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[105]. The study by Frelichowska et al. suggests that Pickering emulsions have
better adhesion to the skin compared to classical emulsions [106], which would
lead to better skin protection. In another study, Lee et al. prepared stable O/W
Pickering emulsions stabilized by hydrophobically modified cellulose nanofibers
hybridized with ZnO nanoparticles (HCNFz,0) and demonstrated remarkable UV
blocking due to the synergy of this complex with chemical UV filter, avobenzone.
In addition, O/W Pickering emulsions showed 6.6 times higher excellent water
resistance compared to conventional emulsions [107]. Other stable Pickering
emulsions with high SPF values and a suitable ratio of UVA/UVB protection were
prepared using the combination of three multifunctional solid particles (ZnO,
Ti0,, starch) and green coffee oil, where the combination of starch with physical
UV filters led to a synergistic increase in the SPF value (around 2 fold) [102].
Bordes et al. also focused on the preparation of Pickering emulsions for
surfactant-free sunscreen creams. In this study, C;,-Cis alkyl benzoate,
an ingredient commonly present in commercial sunscreens, served as the oil
phase, and inorganic nanoparticles (NPs) (TiO, and/or ZnO) were used as UV
filters. The results showed that ZnO NPs were able, in certain formulations, to
stabilize emulsions, but silica-coated TiO, NPs were ineffective as a stabilizer.
However, the TiO,/ZnO NPs mixture led to stable Pickering emulsions with
a photoprotective effect similar to the surfactant-based sunscreen cream with an
in vitro SPF of about 45 [99]. Terescenco et al. described the textural properties
of Pickering emulsions stabilized with three different types of particles (TiO»,
SiO,, and ZnO) compared with conventional emulsions stabilized by surfactants
for topical use. The results of the study show that particle-stabilized emulsions
cause a less glossy and greasy texture than surfactant-stabilized emulsions, which
leads to better spreadability of the formulation [108]. Although the research
focused on particle-stabilized emulsions for UV protection is still in its infancy,
published studies promise good future applications of these systems.

Due to the hydrophilic character of TiO, particles [109], the preparation of
commercially usable emulsions stabilized only by unmodified TiO, for cosmetic
applications is still a challenge [110]. Therefore, hydrophobically modified TiO,
particles or TiO, in combination with another substance are often used. Although
particle surface modifications have demonstrable advantages [111], their
implementation is usually not possible without the use of surfactants and organic
solvents, which are often not environmentally friendly [110].

Surface modification may also affect other surface properties of the particles,
which may be undesirable in applications where these parameters are important
[112]. In addition, a study by Wang et al. revealed that emulsions stabilized with
surface-modified TiO, nanoparticles exhibited worse UV protection than
emulsions stabilized with untreated TiO, nanoparticles [110]. In this context, it
could be advantageous to combine TiO, with cellulose nanoparticles, which have
already demonstrated (in earlier studies) the ability to form stable emulsions, and
in addition, represent environmentally friendly stabilizers.
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4. CONDUCTING POLYMERS

The term conducting polymer (CP) refers to a large class of materials that can
conduct electrical charge [113]. The electrical conductivity of polymers has been
studied for over 60 years [114]. Polyacetylene was the first electrically conducting
polymer discovered in 1977 [115], other conducting polymers such as polypyrrole
(PPy), polythiophene (PT) and polyaniline (PANI) have been developed over the
last 30 years [114,116]. These materials typically exhibit electrical and optical
properties that are comparable to metals and semiconductors, while retaining
some of the advantages of conventional polymers [116]. Although the very first
papers on conducting polymers were published more than 30 years ago, the
importance and interest in these materials are constantly growing [117,118].

The electrical conductivity of CPs is based on the presence of conjugated
double bonds along the polymer backbone, which allows charge carriers to move
freely; however, conjugated double bonds do not result in highly conducting
polymer materials. To achieve high conductivity, a doping process is used [119].
By doping, the conductivity of undoped polymers (107°-1071° S cm™) can be
increased by 10 orders of magnitude or more [119]. For example, polyacetylene
doped with iodine achieved a conductivity higher than 10* S cm™ [120,121],
which is similar to the conductivity of lead at room temperature (4.8 - 10* Scm™)
[119]. The dopant’s role is to add or remove electrons from CPs. Thus, dopants
are integrated as counter ions into CPs when the CPs are oxidized or reduced.
Doping can be classified into two types. P-doping occurs when the polymer
backbone is oxidized, whereas the reduction of the polymer backbone occurs by
n-doping [122]. The conductivity of CPs usually increases with increasing dopant
concentration. Available doping methods include electrochemical or chemical
doping, photo-doping, non-redox doping, and charge-injection doping, with the
first two procedures being the most commonly used [119].

Conducting polymers can be classified according to various criteria, of which
the most important criterion relates to the type of movement of the electric charge,
which depends on the chemical structure of the polymer [114]. If the conductivity
is given only by ionic mobility, they are ion-conducting polymers [113]. Polymers
with redox-active species exhibit electronic conductivity and are referred to as
electrically conducting polymers (ECPs). This group of CPs further includes
redox and conjugated polymers, which differ according to the mechanism of
electron transfer. The electron transfer by electron hopping is typical for redox
polymers, such as poly(vinylferrocene). The conjugated polymers, on the other
side, show the extended m-conjugated system leading to the creation of charge
carriers with the ability to move in delocalized =-systems after doping.
Conjugated polymers thus show higher conductivity compared to redox polymers
[113,116]. Polypyrrole (PPy), polyaniline (PANI), and
poly(3,4-ethylenedioxythiophene) (PEDOT) are examples of conjugated
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polymers of which PANI is the most studied one and is used in the thesis
[123,124].

4.1 Polyaniline

Polyaniline is a homopolymer with a p-linked phenylene amine imine structure
(Fig. 5) characterized by easy synthesis and high environmental stability
[125-127]. Depending on the degree of oxidation, PANI can exist in the form of
salt or base. The oxidation states are given by a combination of benzenoid (amine
N) and quinoid (imine N) rings. Three oxidation forms of PANI include
leucoemeraldine (fully reduced, emeraldine (partially oxidized), and
perningraniline (fully oxidized form), of which the emeraldine salt is the only
conducting form of PANI [128-130]. Green emeraldine salt is an essential stable
form of polyaniline with a typical conductivity in the range of 10*-10! S cm™,
which is usually formed by oxidation aniline, for example in the form of the
hydrochloride or sulfate. Treatment of the protonated emeraldine salt with alkali
produces a blue non-conducting emeraldine base with conductivity
10711078 S cm™. Oxidation of emeraldine gives protonated blue pernigraniline,
whose base is violet. Alternatively, by reduction of emeraldine, colorless,
non-conducting leucoemeraldine can be obtained [131].

OO

PANI

Figure 5 Chemical structure of polyaniline (PANI).

4.1.1 Synthesis

PANI can be synthesized by chemical or electrochemical polymerization [132].
In the case of chemical synthesis, polyaniline is typically prepared by the
oxidation of aniline with ammonium peroxydisulfate in an acidic aqueous
medium with high initial acidity of the reaction medium, pH < 2.5. In addition to
ammonium peroxydisulfate, salts of iron (Ill), cerium (IV), silver (1), or
dichromates can be used as oxidants, of which the highest yields and conductivity
are obtained with peroxydisulfate [133]. Standard polymerization according to the
protocol given by IUPAC is based on mixing 2.59 g of aniline hydrochloride
dissolved in water to 50 mL of solution with 5.71 g of ammonium peroxydisulfate
also dissolved to 50 mL of solutions at an ambient temperature close to 20 °C.
The reaction product (solid powder) is separated on a filter followed by rinsing
with 0.2M hydrochloric acid and then with acetone or methanol and dried in air
at room temperature or in a desiccator. In this way, 2 g of polyaniline
hydrochloride powder in the conducting, emeraldine form is obtained [134].
Many studies further describe the polymerization of aniline in micelles [135,136],
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in reverse micelles [137,138], or in emulsions [139,140]. Interesting studies
describe the enzymatic polymerization of aniline using chitosan as a steric
stabilizer and toluenesulfonic or camphorsulfonic acids as doping agents [141].
In many applications, it is essential to produce polymers in the form of thin films.
The synthesis of PANI films will be discussed in a separate chapter.

4.1.2 Morphology

Depending on the synthesis conditions, different PANI morphologies arise
comprising globules, nanofibers, or nanotubes [133]. The creation of individual
morphologies consists of three steps: 1) the formation of the nucleates, 2) their
organization or self-assembly, and 3) the growth of PANI chains from the
nucleates [142]. Globules, sometimes also referred to as granules, are the most
typical morphologies of PANI formed during the oxidation of aniline under
strongly acidic conditions, at pH < 2.5 (Fig. 6a) [133,142]. The size of globules
ranges from tens to several hundreds of nanometers [143]. The growth of globular
structure starts from the phenazine-like oligomers (nucleates) formed during the
oxidation of aniline which is insoluble in the reaction mixture. They separate and
form random aggregates acting as initiation centers for the further growth of PANI
chains forming a body of the globules [133]. Nanofibers, also called nanowires,
are objects with a diameter of tens of nanometers with a high aspect ratio. They
are usually branched and produce more complex hierarchical structures
[133,142]. Nanofibers are formed when aniline nucleates produce stacks
stabilized by interactions between phenazine-like oligomers, and PANI chains
then grow at the right angle from the single stack of nucleates and produce the
body of nanofibers. By adsorption of any free nucleates on the nanofibers,
branches are formed. Another form of PANI with a diameter of tens to hundreds
of nanometers are nanotubes. Nanotubes differ from nanofibers by the presence
of the inner cavity with a diameter of 10-150 nm (Fig. 6b) [142]. The mechanism
of nanotube formation assumes the existence of the template [133]. Nanotubes are
formed by the oxidation of aniline initiated at low acidity, pH > 3.5, and
terminated at high acidity, pH < 2.5, where low acidity ensures the formation of
aniline oligomers in sufficient amount, while high terminal acidity is essential for
the PANI formation [142]. When the oxidation is stopped at the phase of oligomer
formation, additional morphologies are formed. For example, in oxidation under
alkaline conditions, microspheres displaying an opening or small-and-large
sphere snowman-like morphology are obtained (Fig. 6¢). Conversely, in oxidation
under mildly acidic conditions, the aniline phenazine-like oligomers
self-assemble to form flower-like morphologies or hairy microspheres similar to
rambutan [133]. In addition to the mentioned morphologies, other structures such
as flakes, ribbons, or nanobelts can be obtained by tuning the pH profile during
the oxidation of aniline [142].
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f a) globules, b) nanotubes, and c)
microspheres [133].

4.1.3 Applications

Polyaniline can be produced in several application forms (Fig. 7). As
mentioned above, under standard polymerization of aniline, PANI is obtained in
the form of a powder. Polyaniline powder has an extremely low solubility [144]
making it difficult to process and use [133]. Therefore, PANI powder is frequently
applied as a part of conducting composites similar to carbon black [133]. Thin
films and coatings are more exploitable application forms of PANI. The thin films
are formed on the surface of a material by immersing it in the reaction mixture
containing PANI precursors [133]. Colloidal dispersions are another important
application form of PANI. In general, colloidal conducting dispersions result from
the preparation of CPs in the presence of a suitable stabilizer. Many different
substances, such as water-soluble polymers, functional polymers, block and graft
copolymers, particles, polymer latexes, or surfactants can be used as stabilizers.
Colloidal dispersions are important modifications of conducting polymers that
improve their processing properties and allow for more advanced applications
[131,145]. Recently, researchers have focused on the preparation of new types of
polyaniline forms, these including hydrogels [146], aerogels [147], or cryogels
[148].
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Figure 7 Various forms of polyaniline.

Polyaniline finds a wide range of practical applications, from electronics to
biomedical engineering. For example, PANI is extensively used in
electrochemical energy storage and conversion technologies, such as
supercapacitors, rechargeable batteries, and fuel cells [149]. Due to the presence
of stable redox states, PANI can be used as a medium for storing primary energy
[133]. In recent years, PANI has attracted attention as a promising anti-corrosion
material with a remarkable ability to protect various metals, including aluminium,
mild steel, copper, and stainless steel [150]. Furthermore, due to its electrical
conductivity and biocompatibility, PANI is a promising material in biomedical
applications [151]. The conductivity of PANI is critical for the transmission of
electrical signals in biological systems. Such materials allow cells or tissues
cultured on conducting surfaces to be stimulated by an electrical signal, which is
crucial, especially in tissue engineering of electro-sensitive tissues [152,153]. The
use of PANI in scaffolds with potential application in bone regeneration [154] or
muscle regeneration [155] has been reported in this context. Due to its nature,
PANI is one of the most promising polymers for application in biosensors [156]
or bioactuators [157-159].

5. CONDUCTING COLLOIDAL DISPERSIONS

The concept of the preparation of colloidal particles relies on the presence of
a stabilizer, for example, a polymer, in the reaction mixture [160]. First, the
adsorption of the aniline oligomer on the stabilizer chains occurs followed by
stimulation of chain growth and nucleus formation. Then other oligomers and new
chains are formed near the nucleus and a colloidal particle grows. The diameters
of the colloidal particles usually range from 200 to 400 nm [133,160]. The
particles can be uniform in size or polydisperse with different morphologies from
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spheres to extended objects with a high aspect ratio [142]. Colloidal PANI has
been studied by many researchers and research groups. Currently, the PANI
colloids were prepared in the presence of various types of stabilizers that control
their future application. For example, Gongalves et al. prepared colloidal
PANI-GA (gum Arabic) dispersions with excellent biocompatibility suitable for
biological and biomedical applications. Thanks to easy synthesis and the
sustainability of GA, this nanocomposite is promising for the development of
clinically safe devices, thus expanding the possible applications of the composite
[161]. In another study, Bober et al. prepared PANI-silver colloids stabilized by
gelatine for application in regenerative medicine or biosensing [162].
Anticorrosive coatings based on PANI-Zn colloids stabilized with
N-poly(vinylpyrrolidone) (PVP), or colloidal SiO, were studied by Boshkova et
al. The authors reported that SiO,-based products have better colloidal stability
than products containing PVP. The main benefit of the PANI-Zn/SiO, hybrid
coating over Zn alone was improved corrosion resistance in the model medium
(5% NacCl solution, pH 6.7) [163]. Similar results were reported by Kamburova
et al. who studied colloidal suspension of PANI-SiO, incorporated into zinc-based
coatings for corrosion protection [164]. Kebiche et al. focused on the metal
incorporation into PANI nanostructures based on the use of palladium/tin (Pd/Sn)
colloids. Conducting polymer-metal nanocomposites are a new class of materials
combining the mechanical, optical, and electrical properties of CPs with magnetic
properties and high electrical conductivity of metallic inclusions that can be used
in electronics, sensors, photovoltaic cells, memory devices, protective coatings
against corrosion or supercapacitors [165].

Another interesting group of substances that can be advantageously used to
stabilize conducting colloidal dispersions are biopolymers. Cellulose derivatives,
such as ethyl(hydroxyethyl)cellulose (EHEC) [166] and hydroxypropylcellulose
(HPC) [167], proteins albumin [168] and gelatin [162] have been used for the
synthesis of colloidal PANI. Recently, KaSparkova et al. prepared PANI colloids
using biocompatible polysaccharides, sodium hyaluronate (SH), and chitosan as
stabilizers. Both polysaccharides improved the biocompatibility of CPs and can
be used to stabilize conducting colloids, especially for biological applications
[169]. Nanoparticles of PANI stabilized with pectin were successfully synthesized
by Anbalagan et al. [170]. In the case of PPy-based composite colloids, their
synthesis was accomplished using xanthan gum [171]. The benefit of using
biopolymer stabilizers for CPs lies not only in improving the processability of the
resulting conducting composite but also in providing biocompatibility for
potential biomedical applications [170].

24



5.1 Synthesis of conducting colloids

Although conducting polymers are typically polymerized in an agueous
medium, it may be more advantageous in some cases to prepare CPs in a
non-agqueous, organic medium, for example, to incorporate a material insoluble in
the aqueous phase.

5.1.1 Polymerization in aqueous media

Dispersion polymerization is one of the possibilities to prepare a colloidal form
of CPs. PANI and PPy are commonly synthesized by oxidative polymerization of
their monomers (i.e. aniline and pyrrole) in an aqueous acidic medium in the
presence of oxidizing agent (most frequently ammonium persulfate (APS) for
PANI, and ferric chloride (FeCl;) for PPy) and steric stabilizer [131]. The
preparation of colloidal PANI according to the protocol of IUPAC in the presence
of PVP as a stabilizer consists in dissolving 259 mg of aniline hydrochloride (AH)
in 5 ml of an aqueous solution of PVP (40 g I). The addition of 5 mL of an
aqueous solution containing 571 mg of APS under brief stirring starts the
polymerization, which is carried out at room temperature close to 20 °C. The
reaction is completed within a few minutes [172]. In the case of PANI, the mixture
gradually turns blue, indicating the formation of a protonated, pernigraniline,
which at the end of the polymerization changes to the final, protonated green
emeraldine salt [131]. The principles leading to the formation of PANI or PPy are
analogous and consist of the spontaneous attachment of oligomers formed via the
oxidation of monomers in an acidic medium to a stabilizer, creating thus a nucleus
for the PANI (or PPy) growth [131,173]. The dispersion polymerization method
is characterized by typical features: a) the monomer is miscible with the reaction
medium (as opposed to emulsion or suspension polymerization); b) the polymer
formed during the polymerization is insoluble under the same conditions; and
c) the macroscopic precipitation of the polymer is prevented by the presence of
a stabilizer. Compared to monomers, such as styrene or methyl methacrylate,
PANI and PPy are not soluble in their respective monomers and the
polymerization can take place in the agueous phase [131].

Another approach for producing colloidal CPs is emulsion polymerization
[174]. In this method, the monomer, oxidant, and surfactant-based stabilizers are
all added to the solvent (water) at the same time, resulting in the formation of
micelles [175]. Surfactants play an important role in this process because they
allow micelles to form, creating thus polymerization loci for particle nucleation,
and stabilize the particles [176]. The monomers polymerize inside the micelles,
where they are trapped in a localized environment caused by surfactant
encapsulation, forming thus stable colloidal dispersions (Fig. 8) [175].
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Figure 8 Schematic representation of emulsion polymerization.

5.1.2 Polymerization in non-aqueous media

The CPs can also be synthesized in a non-aqueous, organic environment.
However, this procedure is far less common and the preparation of PANI colloids
in organic media was only recently described by [177]. In this study, PANI
colloids were synthesized in the organic phase of chloroform or xylene in the
presence of a surfactant. The preparation route consisted of the oxidation of
aniline hydrochloride (AH) with APS in 50 vol% water-organic solvents
(chloroform or xylene) in the presence of sodium bis-(2-ethylhexyl)
sulfosuccinate (AOT). The aqueous phase contained 0.1M AH, 0.125M APS, and
4 wt% AOT. Specifically, 50 mL of an aqueous solution of AH and AOT was
mixed with 50 mL of an aqueous solution of APS. Finally, 100 mL of organic
solvent was added. The reaction mixture was then stirred at room temperature for
1 hour. After the polymerization, the system was left at rest to separate into two
phases. The organic phase contained PANI colloidal particles (~ 1 wt%), while
residual reactants (APS) and by-products were collected in the aqueous phase.
The resulting colloidal particles were globular and with a diameter of 50 nm. In
contrast to colloids prepared in an agueous medium, the organic PANI colloids
do not frequently require purification (e.g. by dialysis). PANI colloids prepared
in this way are suitable, for example, for printing applications [177]. In addition
to this study, Lee et al. prepared nanocomposites based on bacterial cellulose (BC)
and PANI using aniline interfacial polymerization in the presence of chloroform.
The procedure involved dissolving aniline in 10 mL of chloroform and adding
10 mL of 1M HCI containing APS. The molar ratio of oxidant to aniline was
1.25:1. Never-dried BC was carefully placed above the organic phase and the
reaction was performed at room temperature for 24 hours. The prepared BC-PANI
composite was repeatedly washed with deionized water, methanol, and HCI to
remove impurities and dried in a vacuum oven at 60 °C for another day. The study
revealed that the polymerization started at the interface between the organic and
aqueous phases within a few minutes. Interfacial polymerization is a
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diffusion-controlled reaction so that the reaction can proceed overnight. The
images revealed that PANI nanoparticles were densely arrayed along each fiber
of BC. This BC-PANI nanocomposite could be used, for example, in biological
or chemical sensors, and composite actuators [178].

5.2 Mechanism of stabilization of conducting colloids

Stability is an essential prerequisite for the application of conducting colloids
[179]. Two aspects of PANI colloid stability must be considered, chemical and
colloidal. Changes in the chemical structure of PANI cause a decrease in
conductivity, which is reflected by the changes in the optical spectra, whereas
colloidal stability is evaluated by the changes in particle size and is influenced by
the properties of the stabilizer used in polymerization [180].

The stabilization mechanism of conducting colloidal dispersions is determined
by the type of stabilizer used, which can be a surfactant, polymer, or solid particle.

5.2.1 Colloidal dispersions with surfactants

Surfactants represent a unique class of chemical compounds with molecules
consisting of a hydrophilic head group interacting with an agueous medium, and
a hydrophobic chain [181]. The surfactants influence the preparation of CPs in
three ways: 1) the presence of surfactant micelles controls the distribution of the
reactants between the micellar and aqueous phases leading to a change in the site
and course of the polymerization, 2) anionic surfactants can act as counterions for
CP polycations, and 3) the hydrophobic part of the surfactant molecules can
adsorb on the produced CP, thereby making the surfactant a part of the resulting
material [182]. According to Stejskal et al., surfactants (anionic, cationic, or
non-ionic) can be used as colloid stabilizers [182].

If polymerization occurs directly in the surfactant micelle, the reaction kinetics,
selectivity, and reaction yield depend on the location of the reactants in the
micelles. The site of incorporation of a solubilized substance relates to its
chemical nature; the non-polar, highly hydrophobic substances are situated in the
hydrocarbon core of the micelles, whereas polar or surface-active molecules are
solubilized at the micelle-water interface (Fig. 9) [135]. In the case of
polymerization of aniline in an acidic aqueous medium in the presence of sodium
lauryl sulfate (SDS), formed aniline cations adsorb on the micellar surface by
electrostatic interaction with anionic SDS molecules that are fully exposed to the
aqueous phase [183].

The most common mechanism of stabilization of colloidal PANI is thus the
solubilization of aniline monomers at the micelle-water interface, with some of
them being adsorbed on the micelle surface and some of them also existing in the
aqueous phase. Solubilized aniline polymerizes by APS oxidant present in the
aqueous phase. The reaction occurs mainly at the micelle-water interface as the
APS cannot penetrate the micellar surface. Aniline molecules originally present

27



in the aqueous phase are then gradually incorporated into the hydrophobic core of
micelles as they grow into dimer, trimer, and tetramer with increased
hydrophobicity. After the reaction is completed, produced PANI particles are
stabilized by electrostatic repulsive interactions through adsorbed and
incorporated SDS molecules [135].

Examples of surfactants used to stabilize conducting colloids include sodium
dodecylbenzenesulfonate (SDBS) [184-186] or dodecylbenzenesulfonic acid
(DBSA) [183,187] both used to prepare colloidal PPy dispersions. Here, the
polymerization of pyrrole and formation of PPy occur within the surfactant
bilayer. Studies also report on the polymerization of PANI in the presence of
DBSA [188] or nonionic surfactants [189]. In this case, the surfactant is attached
by protonation of its anionic group to the positively charged imine nitrogen of
PANI. However, other possible mechanisms of CP polymerization in the presence
of surfactants are reported, such as the adsorption of their hydrophobic parts on
the PANI molecule or the formation of bilayers of the bound and redundant
surfactant [131].

Figure 9 Scheme of aniline incorporation into the SDS micelle in HCI
environment [135].

5.2.2 Colloidal dispersions with polymer stabilizer

The PANI chain can easily interact with many various water-soluble polymers
such as poly(vinylalcohol) (PVA), poly(acrylamide) (PAM), and poly(ethylene)
oxide (PEO). Although PEO is one of the most commonly used water-soluble
polymers, data on its effectiveness as a stabilizer are inconsistent. It was found
that the high-molecular-weight (>10° g mol™) PEO can act as a stabilizer, whereas
the low-molecular-weight polymer cannot [131]. In addition to these stabilizers,
the use of poly(2-acrylamido-2-methyl-1-propanesulfonate) (PAMPSA) has been
also reported [190]. Another frequently used water-soluble polymer is PVP,
which has been used to stabilize CPs in [160,191-194].

The mechanism of formation of colloidal PANI particles stabilized with
polymers consists of the production of low molecular weight oligomers in an
acidic environment during aniline oxidation, followed by their spontaneous
attachment to the stabilizing polymer creating a nucleus for the PANI growth
(Fig. 10) [195]. Then the formation of new oligomers and polymerization
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proceeds and the colloidal PANI particle further grows [172]. The steric stabilizer
on the surface of the colloidal particles forms a protective shell and prevents their
aggregation [196].

Adsorption Nucleation and PANI growth Stabilized PANI particles

Stabilizer
chain a

Aniline monomer/oligomers

Figure 10 Colloidal PANI particles stabilized by a polymer [195].

In addition to the above-listed polymers, another group of polymer stabilizers
includes polymer latexes. For example, Beadle et al. prepared a series of
PANI-copolymer latex composites by chemically polymerizing aniline in the
presence of a film-forming chlorinated copolymer latex [197]. Also, Terlemezyan
et al. polymerized aniline in the presence of latex particles to prepare composite
materials [198]. Later, Xie et al. prepared conducting composites composed of
aniline and poly(butadiene-co-styrene-co-2-vinylpyridine (PBSP) [199].
Similarly, Lei et al. prepared PANI-coated polystyrene latex suspension stabilized
by PVP [200]. The preparation of PPy in the presence of latex particles also led
to stable composite systems [201-203].

5.2.3 Colloidal dispersions with solid particles

The mechanism of formation of colloidal PANI in the presence of solid
particles as a stabilizer was described in the works of [131,172,204]. At the
beginning of polymerization, a solid stabilizer such as silica is present in the
reaction mixture (Fig. 11a). During the polymerization process, aniline oligomers
are formed (Fig. 11b) and they are attached to the stabilizer either by chemical
grafting or physical adsorption (Fig. 11c). The particles of the stabilizer are partly
or fully covered with PANI and simultaneously PANI nucleates are formed,
which grow during the polymerization process, and dispersed CP particles are
created (Fig. 11d). Some solid particles may still be free and not attached to the
dispersed particles (Fig. 11d). The resulting particles have a raspberry structure
that results from aggregation. Compared to the density of most organic polymers
(1.0 £ 1.3 g cm™®) that are used to stabilize conducting colloidal dispersions, the
density of inorganic particles is much higher, specifically, in the case of silica,
which exceeds 2.1 g cm3. As a result, PANI colloids stabilized with inorganic
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particles show a higher density compared to systems stabilized with organic
polymers [205].
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Figure 11 Formation of PANI colloidal particles in the presence of solid particles
as a stabilizer [131].

One of the frequently used stabilizers for conducting PANI and PPy colloids is
ultra-fine colloidal silica. Gill et al. used these particles to prepare PANI-silica
colloidal composites [206,207]. Also, Stejskal et al. polymerized aniline in the
presence of ultrafine colloidal silica particles [208]. Silica particles have also been
used for PPy colloids [209-211]. Not only silica particles have proven to
efficiently stabilize PANI and PPy colloids. Successful polymerization of aniline
or pyrrole was also performed in the presence of tin oxide [212], manganese oxide
[213], and zirconium dioxide [214]. In recent years, interest has focused on
bio-based particulate stabilizers such as cellulose nanoparticles discussed below.

5.3 Application of conducting colloids with cellulose
nanoparticles

Nanocellulose-based conducting materials have attracted tremendous attention.
The presence of abundant hydroxyl groups on the nanocellulose surface enables
direct interaction with the functional groups of conducting polymers (e.g. amine
groups of aniline or —NH in the pyrrole ring) [215-217]. Conducting
polymer/cellulose materials thus combines the properties of both components,
i.e. the electrical and chemical properties of the conducting polymer and the
strength, flexibility, and available surface area of the cellulose particles [218].
Similarly to classical dispersions, also conducting colloidal dispersions can be
prepared with all types of cellulose nanoparticles.

In the case of the combination of CNC with conducting polymers, several
studies have been reported to deal with this topic. A typical procedure for the
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preparation of CNC-PANI colloids is the oxidative polymerization of aniline (or
pyrrole) in situ in the presence of CNC. Razalli et al. synthesized a conducting
biocompatible nanocomposite of CNC-PANI. FTIR spectra confirmed the
incorporation of CNC into the nanocomposite. However, aggregation of PANI
particles was observed with the growing aniline concentration [216]. Abdi et al.
developed a sensitive electrochemical biosensor containing a nanocomposite of
CNC-PANI [219]. Latonen et al. prepared conducting ink based on CNC and
PANI in a water-glycerol solvent system. The resulting CNC-PANI
nanoparticulate ink was stable and exhibited high electrical conductivity [220].
CNCs were also used to prepare self-healing conducting hydrogels with PANI
coated on the surface of polycarboxylic multi-branched cellulose nanocrystals
(multi CNC-PANI) [221] or porous cellulosic aerogel substrate for layer-by-layer
(LbL) assembly of supercapacitor electrodes [222]. Al-Dulaimi et al. prepared
conducting PPy-CNC nanocomposite via deposition of pyrrole monomers on the
CNC surface by electrostatic attractions between the sulfate groups of CNC and
the amine group of pyrrole [223]. Chemical polymerizations leading to the
formation of CNC-PPy were performed also by [224] and [225].

Similarly to CNC, CNF-PANI colloids can be synthesized by the oxidation of
aniline (pyrrole) in situ in the presence of CNF. Wang et al. described a simple
method to obtain a conducting film with excellent conductivity of
104.7 S m™t and stability by using aqueous dispersions of PANI composite
stabilized with cellulose nanofibers [226]. Luong et al. prepared CNF-PANI
(NFC/PANI in the publication) suspensions which were used for the production
of CNF-PANI paper-based composite materials. The CNF-PANI exhibited good
mechanical properties and high conductivity, which presumes its use in flexible
electrodes, antistatic coatings, or electrical conductors [227]. PANI-modified
CNF was prepared by Auad et al. as reinforcement of a smart polyurethane [228].
Nanocomposites of CNF-PANI were also synthesized by Silva et al. who reported
on the good thermal stability of the material due to PANI acting as a protective
barrier against cellulose degradation [229]. Correspondingly, He et al.
demonstrated increased thermal stability of CNF caused by the addition of PANI
[230]. Electrically conducting nanocomposites of CNF were further successfully
produced by Mattoso et al. with potential use in sensors, antistatic, and
anticorrosive nano-coatings [231].

CNFs were also used in combination with PPy. For example, an electrically
conducting composite of CNF (MFC in the publication) and PPy was synthesized
by [232]. In the study of Bober et al. flexible free-standing composite films of
CNF-PPy and CNF-PPy-Ag (NFC/PPy and NFC/PPy-Ag in the publication) were
synthesized via in situ one-step chemical polymerization [233]. Furthermore,
flexible, nano-papers based on CNFs with PEDOT:PSS (polystyrene sulfonate)
and/or PPy were prepared. Synergies between PEDOT:PSS and PPy resulted in
highly conducting and thermally stable materials [234]. Bideau et al. synthesized
a composite film based on TEMPO-oxidized cellulose nanofibers (TOCN), PVA,
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and PPy. The synthesis led to induced adsorption of PPy on the surface of the
TOCN and the composites showed effectiveness against gram positive Bacillus
subtilis and gram negative Escherichia coli strains [235].

The use of BC to stabilize conducting colloidal dispersions has also been
reported by several researchers. Lee et al. prepared BC-PANI composite particles
by interfacial polymerization of aniline in the presence of chloroform. In the
resulting composite, nanoparticles were densely arranged along each fiber of BC
and their electrical conductivity reached up to 3.8 x 1071 S cm™ [178]. Miiller et
al. prepared BC-PANI composite coatings with electrical conductivity of
0.9 S cm™ and good mechanical properties [236]. Analogous studies were
reported by [237-239]. Bacterial cellulose has also been successfully used in the
preparation of PPy-based composites and membranes [240-244].

6. CONDUCTING THIN FILMS

Thin films are layers of material formed on a solid support (substrate) either
directly by a physical process or via a chemical and/or electrochemical reaction
[245]. In connection with CPs, it is an alternative strategy for their processing
[172]. Stable conducting thin films are interesting research subjects and are
widely used in many applications including optics, sensors, biomedical devices,
etc. [246].

6.1 Synthesis of thin films

Thin films of PANI can be prepared chemically or electrochemically [247].
Electrochemical polymerization allows to control of the area and thickness of the
resulting film [248]; however, this method requires the use of a conducting surface
[249] and the resulting films are thinner compared to films prepared by chemical
oxidation [250]. Chemical polymerization, therefore, represents a more general
approach to the preparation of thin films [133].

6.1.1 Chemical synthesis

The chemical method includes oxidative chemical polymerization of aniline in
an acidic aqueous medium with ammonium persulfate (APS) as an oxidizing
agent [251]. Essentially any substrate present in the reaction mixture can be coated
with a PANI film of submicrometre thickness [172]. The PANI film formation
mechanism involves three steps: 1) adsorption of aniline oligomers at the interface
(oligomers are more hydrophobic than the aniline cations and tend to separate
from the aqueous medium, for example by adsorption on available surfaces),
2) stimulation of chain growth by oligomers and nucleus formation (the first
surface-anchored PANI chain forms a nucleus of the future film), and 3) growth
of other chains due to the auto-acceleration mechanism close to the nucleus. The
chains then extend along the surface and, are preferably oriented perpendicularly
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for steric reasons (Fig. 12A) [160], resulting in a brush-like structure [133].
Depending on the reaction conditions, the film thickness varies from 100 to
400 nm. Many surfaces including polystyrene Petri dishes, glass, or metals can be
used as substrates for coating with a conducting thin film. The selection of a
suitable surface plays an important role in the formation of a PANI film. The films
are more uniform on hydrophobic surfaces, whereas on hydrophilic substrates
they have a globular structure [133]. Moreover, it was reported that the
conductivity of films prepared on hydrophobic substrates might be higher
compared to films prepared on hydrophilic substrates such as glass [252], which
is explained by the different organizations of PANI chains [253,254].

Besides standard chemical polymerization, dispersion polymerization can be
used to prepare thin PANI films. This procedure involves adding a suitable steric
stabilizer to the commonly used reaction mixture that contains aniline (aniline
hydrochloride) and an oxidant [131,255]. The presence of a stabilizer that
prevents macroscopic precipitation of the PANI results in a different morphology
of the films and their surface roughness is significantly reduced [256]. The
principles of film formation by dispersion polymerization are similar to the
formation of colloidal particles [255] discussed in Chapter 5. Dispersion films are
thinner than PANI films prepared without stabilizers, which is due to the absence
of PANI precipitate [256]. The organization of PANI chains on the film surface
is also different and the chains do not show a brush structure, but lie loosely
twisted on the substrate (Fig. 12B) [256].
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Figure 12 The model of PANI film formation.

6.1.2 Electrochemical synthesis

Conducting films can be easily prepared by electrochemical oxidation of
monomers on the surface of the electrode [257]. The choice of
electropolymerization conditions, especially the applied potential and current,
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critically influences film formation. The applied potential should be high enough
to oxidize and polymerize the monomer, but simultaneously low enough not to
cause undesirable corrosion. The polymerization solution consists of the
monomer, solvent, and supporting electrolyte [249].

The principle of the electrochemical synthesis of PANI consists of the
oxidation of aniline in electrolyte solutions [133]. The oxidation of the monomer
produces free radicals, that adsorb on the electrode surface and can subsequently
undergo a reaction resulting in the desired thin films [258]. This reaction produces
an oligomer, which is then oxidized to form a polymer chain. The polymerization
process is influenced by various factors including the nature of the doping anion,
pH and composition of the electrolyte, electrode material, temperature, and others
[259]. PANI can be synthesized by one of three electrochemical methods: 1) the
potentiostatic technique based on the application of a constant potential, 2) the
galvanostatic technique that applies a constant current, and 3) the
potentiodynamic technique in which current and potential differ [259]. Regardless
of the method used, the reactor vessel consists of a three-electrode assembly
(Fig. 13), namely a working electrode (the substrate to be coated), a reference
electrode (usually Ag/AgCl), and an auxiliary electrode or counter-auxiliary
electrode (commonly platinum electrode) [249,259]. Similarly to the chemical
method, PANI film forms under sufficient acidity in the reaction medium. Higher
pH values result in the synthesis of undesirable short oligomers [259]. Therefore,
the electropolymerization of aniline is conducted in aqueous solutions containing
Inorganic acids such as sulfuric, perchloric, nitric, or phosphoric acids; the organic
acids such as p-toluenesulfonic acid; or the aqueous solutions of polymeric acids,
such as poly(styrenesulfonic acid) or
poly(2-acrylamido-2-methyl-1-propanesulfonic acid) [133]. The electrochemical
synthesis provides a polymer characterized by a high degree of purity [250] and
is considered a method of green chemistry since the oxidation of the monomer is
induced by voltage or current [258].
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Figure 13 A schematic of the electrochemical synthesis set-up.
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6.2 Deposition of Thin Films

In connection with a wide range of thin film applications, several deposition
methods have been developed to optimize film properties [260]. Techniques used
for the deposition of thin films include chemical and physical methods [251].
Chemical methods of PANI thin film deposition include

Bulk chemical polymerization (discussed above). Most of the conducting
polymers including PANI can be spontaneously deposited as a thin film
on various substrates during polymerization [251].

Chemical vapor deposition (CVD) involves exposing the substrate to
volatile precursors, which react and/or decompose on the surface of the
substrate to form a thin film deposit [261]. Traditionally, heat is used as
an energy source in these processes, which limits the types of substrates
that can be used. Especially temperature-sensitive substrates must be
avoided [262].

Plasma-enhanced chemical vapor deposition (PECVD) enables the
deposition of films at lower temperatures using plasma. During this
process, the source gas is ionized by the energetic electrons generated in
the plasma [263]. The deposition rate is typically higher and easier to
control because plasma-activated precursors are more reactive [262].
Langmuir-Blodgett (LB) technique excels for its simplicity, low cost,
and ability to change the parameters of the film [264,265]. The principle
of the method is the formation of a single layer of molecules on the
surface of the liquid (water), which is then transferred to the substrates.
Using multiple repetitions, thin layers with a controlled molecular
thickness on substrates can be deposited.

Layer-by-layer (LbL) self-assembly technique consists of the formation
of an ultrathin film on a solid support using alternating exposure to
positive and negative species with spontaneous deposition of the
oppositely charged ions [266].

Spin coating technique is a simple procedure with the possibility of mass
production [267]. This method consists of 1) deposition of material on
the turntable; 2) spin up; 3) spin off and evaporation that occurs
throughout the process [268]. The thickness of the film depends mainly
on the angular speed of spinning, and concentration of the solution and
the solvent [261].

Among physical methods, the following can be listed

Thermal evaporation technique represents one of the most popular
techniques for its simplicity and good control of thin film parameters
[269]. In this method, the material is heated to a high temperature using
very low pressure in extremely clean conditions where it evaporates.
Subsequently, the vapour is allowed to condense on the target substrate,
together with the gaseous fraction and the solid residue [270].
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— Sputtering is based on the ejection of atoms from the surface of the
material by bombardment with energetic particles. The sputtered atoms
can be further condensed on the substrate to form a thin film [270].

Another well-known deposition strategy is the electrochemical growth of PANI
thin films via galvanostatic, potentiostatic, or voltammetric techniques [271]
discussed in the previous chapter. Although very thin films with excellent control
over their morphology can be deposited in this way, the deposition is limited to
conducting surfaces [264,272].

6.3 Application

The thin films of conducting polymers are used in different applications.
Specifically, PANI films can be used in gas [273,274], chemicals [275] and pH
sensors [276], supercapacitors [277,278], electrochromic devices [279], solar
cells [280], batteries [281,282], and protection of metal surface from corrosion
[283], etc.

As already mentioned, polyaniline is an excellent candidate for applications in
biomedicine [151]. In the context of biomedical applications, cell proliferation on
the surface of a conducting film is essential. Liu et al. investigated the cellular
biocompatibility of a PANI film prepared via electroless surface polymerization.
The study revealed that the film enabled cell proliferation, and thus could be
applied as a surface coating to culture neuronal cells for tissue regeneration [284].
Wang et al. demonstrated that PANI films prepared by direct polymerizing
deposition or a casting method were biocompatible and allowed cell attachment
and proliferation [285]. One of the advantages of PANI is the simple modification
of its surface, for example by reprotonation with various acids, the grafting of
functional groups, and copolymerization with various co-monomers, etc. [148].
In this context, adhesion, proliferation, and migration of mouse embryonic
fibroblasts on pristine PANI films, PANI films doped with sulfamic and
phosphotungstic acids, and PANI films modified with PAMPSA were
investigated. The results proved the ability of cells to adhere, proliferate and
migrate both on pristine PANI films and films doped with sulfamic and
phosphotungstic acids. The presence of PAMPSA, however, worsened the cell
behaviour of the film [286]. Kasparkova et al. studied the cellular compatibility
of PANI films prepared in the colloidal dispersion mode with
poly-N-vinylpyrrolidon, sodium dodecylsulfate, Tween 20 and Pluronic F108
used as stabilizers. The results of the study pointed to a significant role of the
stabilizers on the surface and electrical properties of the film as well as on their
cellular compatibility. Compared to the other films, sodium dodecy!l sulfate films
showed high conductivity, good cell compatibility, and no harmful effects on
human skin, and therefore appear to be the most promising in the field of
biomedicine [287]. Recently, Jasenska et al. prepared PANI films with
biocompatible polysaccharides, namely sodium hyaluronate (SH) or chitosan
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(CH). The human induced pluripotent stem cells (hiPSC) used in the study were
able to adhere and proliferate on the tested surfaces. Biological tests also
demonstrated the ability of proteins to adsorb onto surfaces of the films and the
absence of embryotoxic effects [288]. Another prerequisite for the application of
materials in the field of biomedicine and biosensors is hemocompatibility [289].
Humpolicek et al. studied the hemocompatibility of pristine PANI films and the
films modified with PAMPSA. The results proved that the functionalization of
the films with PAMPSA hindered blood coagulation, reduced platelet adhesion
capacity, and improved the stability of films under various pH, which opens the
door for their applications in blood-contacting or collecting devices [290]. Also,
Skopalova et al. studied the hemocompatibility of PANI films functionalized by
substances with anticipated anticoagulant activity, namely sodium
dodecylbenzenesulfonate (SDBS), 2-aminoethane-1-sulfonic acid (taurine) and
N-(2-acetamido)-2- aminoethanesulfonic acid (ACES). This study revealed the
absence of anticoagulation activity of the functionalized PANI films, which could
be due to the low molecular weight of the compounds used for PANI
functionalization. In addition to the proper functional groups in the substance used
for the film modification, their sufficiently high molecular weight is crucial [289].

Several recent publications reveal a strong interest in the production of cheaper
and more environmentally friendly electrically conducting films and composites.
The combination of nanocellulose with conducting polymers brings many
potential advantages, such as reducing dependence on non-renewable materials,
biocompatibility, cheap production, and sustainability. Although nanocellulose
itself is not a good conductor of electricity, it can serve as an eco-friendly and
low-cost substrate in electrically conducting composites [215,291]. In addition,
nanocellulose is intensively investigated in biomedicine [17] and appears to be a
commercially available material with wide application potential.
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7. AIMS OF WORK

The primary aim of the thesis is to increase knowledge about dispersion
systems stabilized with solid particles, specifically cellulose (hano)particles. The
particles are either combined with TiO, to form Pickering emulsions or utilized
as a stabilizer for conducting PANI/cellulose composite colloids. The effort
focuses on investigating and understanding the characteristics and behaviour of
these classical and conducting dispersion systems. Particular emphasis is put on
the formulation, production, and characterization of these systems, as well as the
investigation of their biological properties. Intended applications of prepared
colloidal systems are in the fields of biomaterials and cosmetics. The main goals
of the work have been divided into following areas:

e The formulation of Pickering emulsions for skin photoprotection that are
stabilized by a combination of cellulose nanoparticles and TiO,, and the
identification of a reliable and repeatable process for producing the
emulsions at a lab scale.

o A comprehensive examination of TiO, particle properties and
behaviour under simulated in vivo and in vitro conditions. The
information obtained here is critical for the successful integration
of TiO; in the stabilizer layer of Pickering emulsions.

e Research into the ability of different types of cellulose nanoparticles to
stabilize PANI in aqueous dispersion, with the goal of synthesizing
PANI/cellulose ocomposite particles that can serve as 1) stabilizers of
oil-in-water Pickering emulsions and 2) precursors for composite
conducting films for potential biomedical applications.
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8. EXPERIMENTAL

For clarity, the sections Experimental part, Result and discussion together with
Summary of individual goals of the thesis are divided as follows:

a) Study on TiO; particles: based on the limited results of previous studies

on the safety and properties of titanium dioxide (TiO;) (nano)particles,
a thorough study was conducted to investigate the behaviour of TiO,
particles prior to their incorporation into Pickering emulsions. The study
mimicked the in vivo conditions that occur after oral and dermal
exposure to various forms of TiO, particles (rutile, anatase, and their
commercial mixture) and investigated the physicochemical properties of
the particles, including time-dependent agglomeration in simulated body
fluids, human blood plasma, phosphate buffered saline (PBS) and media
used for cell cultivation (DMEM).

b) Study on cCNC/TiO»-stabilized Pickering emulsions: the follow-up

study focused on the preparation of Pickering oil-in-water emulsions
stabilized with pH-responsive carboxylated cellulose nanoparticles
(cCNC) in combination with TiO; (a mixture of Rutile/Anatase). More
specifically, the effect of formulation (ratio between cCNC and TiO,)
and preparation method (the Layer by Layer method vs. the conventional
emulsification method) on the properties of final emulsions was studied.
The emulsions could serve as platforms for skin photoprotection.

Study on conducting colloidal systems: the aim of the study was to
develop three different types of conducting systems based on cellulose
naoparticles — nanocrystals and nanofibers (CNC, CNF) and polyaniline
(PANI). First and foremost, the study focused on the synthesis and
characterization of PANI colloidal particles prepared by oxidative
polymerization of aniline hydrochloride in the presence of CNC or CNF.
The goal was to find a suitable composition of the reaction mixture that
would results in stable colloids with favorable
physico-chemical and biological properties. The colloids were then used
to create other conducting systems for biological application, namely
Pickering emulsions and thin films. The effect of the preparation process
and formulation on the behaviour and properties of these systems was
studied. In addition to physicochemical characterization, biological
studies were also conducted.
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8.1 Materials
8.1.1 Study on TiO; particles

Rutile 1 (Batch No. 120717/1) and Rutile 5 (Batch No. 120717/5) were the kind
gift of Precheza a. s. (Pferov, Czech Republic). A mixture of Rutile/Anatase (Cat
No. 634662-25G) and Anatase (Cat No. 637254-50G) were purchased from
Sigma Aldrich (Taufkirchen, Germany).

Avrtificial saliva solution was prepared by dissolving 0.03 g NaNO,, 0.2 ¢
K,COs3, 0.5 g NaCl, and 4.2 g NaHCOg3 in 1 L water (Milli-Q filtration system,
Merck, Darmstadt, Germany). The solution was adjusted to pH 6.8 with
1M NaOH or 1M HCI (all from Sigma-Aldrich, Taufkirchen, Germany).
Simulated gastric fluid (SGF) (pH 1.2) was prepared by dissolving 1 g NaCl in
40 mL 1M hydrochloric acid. Milli-Q water was added to make a final volume of
0.5 L, and the solution was adjusted to pH 1.2 with 1M HCI. Similarly, simulated
gastric fluid with pepsin (SGFP*") with pH 1.2 was prepared by the addition of
1.6 g pepsin (Sigma Aldrich, Taufkirchen, Germany) to 0.5 L of the SGF.
Simulated intestinal fluid (SIF) with pH 6.8 was prepared by dissolving 6.8 g
KH2PO4 in
77 mL 0.2M NaOH and adding water to make a final volume of 1 L. Then, the
solution was adjusted to pH 6.8 with 1M NaOH or 1M HCI. For SIF with
pancreatin (SIFPacreain) with pH 6.8, pancreatin (Sigma Aldrich, Taufkirchen,
Germany) was further added to the solution at a concentration of 10 g L. Human
blood plasma was obtained from healthy individuals via the Tomas Bata Regional
Hospital in Zlin, after informed consent was signed. Finally, phosphate buffered
saline (PBS), Dulbecco’s modified eagle medium (DMEM), and DMEM
supplemented with 10% calf serum (DMEMS®™™M) were purchased from BioSera
(Nuaille, France).

8.1.2 Study on cCNC/TiO.-stabilized Pickering emulsions

Carboxylated cellulose nanocrystals (cCNC; 2.2 %) were prepared by
oxidation of commercially available microcrystalline cellulose (Avicel PH101)
with ammonium peroxydisulfate (APS; 98 %) (both supplied by Sigma Aldrich,
Germany) according to procedure described in [30]. A mixture of Rutile/Anatase
(Cat No. 634662-25G) was purchased from Sigma Aldrich (Taufkirchen,
Germany). Caprylic/capric triglyceride (T) was acquired from AceTrade (Czech
Republic). Sodium chloride (NaCl) was acquired from Mikrochem Trade
(Slovakia). Calcium chloride (CaCl,), hydrochloric acid (HCI), and sodium
hydroxide (NaOH) were purchased from Ing. Petr Lukes (Czech Republic).

8.1.3 Study on conducting colloidal systems

Ammonium  peroxydisulfate (APS; 98 %), aniline hydrochloride
(AH; reagent-grade > 98 %), undecane, hydrochloric acid (HCI; 37 %), ethylene
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glycol, and diiodomethane were acquired from Sigma Aldrich (Germany).
Cellulose nanocrystals (CNC; 12.2 wt% in water) and cellulose nanofibers (CNF;
3 wt% in water) were purchased from Cellulose Lab (Canada). Caprylic/capric
triglyceride (T) was acquired from AceTrade (Czech Republic).

8.2 Sample preparation
8.2.1 Study on TiO: particles

TiO, dispersions were prepared by homogenizing 0.05 g TiO, particles in
10 mL Milli-Q water for 30 min using a UP400S sonicator (Heielscher, Teltow,
Germany) at a power of 400 W (24 kHz) and using an amplitude of 100 % with a
cycle setting of 0.6 on an ice bath. The dispersions were then mixed with the tested
simulated body fluids in concentrations specified in 8.3.1.

8.2.2 Study on cCNC/TiO,-stabilized Pickering emulsions

Prior to preparation of Pickering emulsions, dispersions of cCNC and TiO,
without an oil phase were studied as a part of the preformulation study.
Compositions of the investigated samples are listed in Tab. 2. The dispersions
were prepared by mixing cCNC and H,O, then pH was adjusted to the desired
value (0.1M HCI and/or 0.1M NaOH) and finally TiO, was added. The
dispersions were left to equilibrate for 24 hours.

The oil-in-water (O/W) Pickering emulsions were prepared using
tricaprylin/tricaprine (T) oil (dispersed phase), water (continuous phase), and
a stabilizer made of carboxylated nanocrystalline cellulose particles (cCNC) and
titanium dioxide (TiO, a mixture of Rutile/Anatase). The mass of the emulsions
was fixed to 10 g, but the composition of individual emulsions changed, as shown
in Tab. 3. Emulsions were prepared using two different methods. Specifically, the
layer-by-layer (LbL) method and the conventional emulsification (CE) were used.
Pickering emulsions were created using sonication (UP400S sonicator,
Heielscher, Teltow, Germany) in both cases. Regardless the preparation method,
the sonication parameters remained unchanged, namely an amplitude of 30 % and
a cycle of 0.6.

In the LbL method, the cCNC dispersion was first mixed with demineralized
water and oil, pH was adjusted to the required value and the system was sonicated
for 2 min to prepare a primary emulsion. The selected amount of TiO, was added
to the primary emulsion followed by a 2-min sonication, yilding the final
Pickering emulsion (Fig. 14).

The CE method involved mixing cCNC dispersion with demineralized water,
adjusting this dispersion to the required pH (again using 0.1M HCI and
0.1M NaOH), and adding the calculated amount of TiO,. The mixture was then
shaken by hand and left to stand for 24 hours. Finally, the calculated amount of
oil was added to the mixture, followed by the 2-min sonication (Fig. 14).
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The experiments also involved the preparation of emulsions containing
electrolytes (in addition to all above mentioned ingredients). Specifically, NaCl
(27 mmol L™t in the aqueous phase) or CaCl, (3 mmol L™t in the aqueous phase)
were added. The concentration of electrolytes was chosen on the basis of
previously conducted study [83]. In the case of the LbL method, salt was added
before the first sonication as well as after the first and second sonications. In the
CE method, the salt was always added after adjusting the pH, and before adding
the TiO, particles.

Table 2 Composition of cCNC/TiO; dispersions.

Total stabilizer content [%] | cCNC:TiO: ratio pH O/W ratio
0.5 1:1;3:2;4:1 3;4;45;5 20/80
Table 3 Composition of Pickering emulsions in preformulation study.
Oo/W Total stabilizer cCNC:TiOg: ratio
ratio content [%0]
10/90
20/80 0.3 1:1 3:2 4:1
30/70
20/80
30/70 0.5 n.p. 3:2 4:1
20/80
30/70 0.7 n.p. 3:2 4:1

n.p. not prepared
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Figure 14 Schematic illustration of the formation of O/W Pickering emulsion.
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8.2.3 Study on conducting colloidal systems

Within the study, three types of conducting colloidal systems containing
cellulose nanoparticles (CNC, CNF) and PANI were prepared, namely colloidal
dispersions, Pickering emulsions, and thin films.

Colloidal dispersions

A pre-formulation study was carried out to find the optimal composition of
stable colloidal dispersions. A series of samples with varying amounts of CNC or
CNF particles and reactant concentrations were prepared (Tab. 4). The
compositions giving samples with the best stability, PANI/CNC and PANI/CNF
(marked in bold, Tab. 4) were then used in subsequent experiments.

The synthesis was carried out by the oxidation of aniline hydrochloride (AH)
with ammonium persulfate (APS) in the presence of each type of cellulose
nanoparticles. For PANI/CNF, aqueous CNF dispersion was kept at 55 °C
overnight and sonicated for 10 min at 60% amplitude using a UP400S sonicator
(Hielscher, Germany) before being used. The polymerization then proceeded in
the same way for both types of dispersions. Specifically, AH was dissolved in 5
mL of aqueous CNC or CNF dispersion and the polymerization was started at
room temperature by adding 5 mL of aqueous APS solution to the reaction
mixture. The lower CNF concentration, compared to CNC, was chosen due to
poor dispersibility of CNF caused by its longer and entangled fibres [292]. The
polymerization was completed within 1 hour and the resulting colloidal
dispersions were poured into dialysis tube Spectra Por 2 (MWCO 12,000-14,000;
Spectrum Laboratories Inc., USA) to remove residual impurities. Dialysis was
performed against
0.2M hydrochloric acid for 14 days.

Table 4 Compositions of the reaction mixtures of colloidal dispersions used in the
preformulation study.

Nanocellulose Sample CNC/CNF AH APS
type [wt.%] [M] [M]
PANI/CNC-Al 0.5 0.2 0.05
PANI/CNC-A2 0.5 0.2 0.01
PANI/CNC-B1 1.0 0.2 0.05
CNC (PANI/CNC)*
PANI/CNC-B2 1.0 0.2 0.01
PANI/CNC-C1 2.0 0.2 0.05
PANI/CNC-C2 2.0 0.2 0.01
PANI/CNF-D1 0.25 0.2 0.2
CNF PANI/CNF-D2 0.13 0.2 0.2
PANI/CNF-D3 0.06 0.2 0.2

(PANI/CNF) *
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* These stable samples will hereinafter be referred to as PANI/CNC or
PANI/CNF and used in the follow up experiments.

Pickering emulsions

PANI/CNC and PANI/CNF particles in colloidal dispersions were used as
Pickering stabilizers to prepare oil in water (O/W) emulsions with 20 % oil phase
composed either of model oil undecane (U) or caprylic/capric triglyceride (T)
which is a neutral high-purity oil used in cosmetics and pharmacy [293-295]
(Tab. 5). To 8 g of colloidal PANI/CNC dispersion, 2 g of oil was added to form
a Pickering emulsion. The sample was homogenized with UP400S sonicator
(Hielscher, Germany) for 1 min at 30% amplitude on an ice bath. The preparation
of Pickering emulsion with PANI/CNF proceeded in a slightly different way. At
first, the PANI/CNF dispersion was diluted to either 30 or 50 % of initial
concentration with demineralized water and then sonicated for 1 min at 30%
amplitude. Then 2 g of oil were added to 8 g diluted PANI/CNF and the sample
was sonicated again under the same conditions. A different approach based on
dilution of CNF-based Pickering emulsions was used due to the mentioned poor
dispersibility of CNF.

Table 5 Composition of Pickering emulsions (E) with O/W 20/80, oil phase:
caprylic/capric triglyceride (T) or undecane (U) stabilized with PANI/CNC
colloidal dispersion (non-diluted) or PANI/CNF diluted to 30 or 50 % of initial
dispersion concentration.

Sample ?;Slglllzer Dilution [%]¥ Qil phase
E-PANI/CNCT PANI/CNC  None Canmvliclcanic
E-PANI/CNFT0 PANI/CNF 30 t.ply' . pT'
E-PANI/CNFT® PANI/CNF 50 riglyceride (T)
E-PANI/CNCY PANI/CNC  None

E-PANI/CNFY30 PANI/CNF 30 Undecane (U)
E-PANI/CNFUs PANI/CNF 50

? Dilution relatively to initial 100% dispersion

Thin Films

Besides Pickering emulsions, PANI/CNC and PANI/CNF colloidal dispersions
were used to synthetize composite films through in situ oxidative polymerization
of aniline hydrochloride (AH) with ammonium peroxydisulfate (APS) in the
presence of an aqueous nanocellulose suspension on the tissue polystyrene culture
dishes (TPP; Switzerland) served as a substrate (Fig. 15).

For the synthesis of PANI/CNC composite films, APS (0.05 mol L) was
dissolved in water and AH (0.2 mol L) was dissolved in an aqueous solution of
CNC (1 wt%). Similarly, for the synthesis of PANI/CNF films, APS
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(0.2 mol L) was dissolved in water and AH (0.2 mol L) was dissolved in
an aqueous solution of CNF (0.06 wt%). A solution of stabilizing CNF (0.06 wt%)
was prepared by the CNF overnight dissolution in stirred demineralized water at
55 °C followed by sonication for 10 min at 60% amplitude. The polymerization
was then started by mixing the AH/CNC or AH/CNF solution and APS at room
temperature. The polymerization of PANI/CNF, the composite film was
completed in 1 h. Because the first layer of PANI/CNC film was too thin, the
procedure was repeated and a second layer of the film was deposited on the top
of the first layer. The polymerization of each layer was completed in 24 h. The
resulting composite films were rinsed with 0.2M hydrochloric acid, followed by
methanol, and allowed to dry in air. As a reference, standard PANI films were
prepared and synthesized in a similar manner without the use a stabilizer.

STEP 1 STEP 2 STEP 3

—\ /,;:7/ PANI/CNC PANI/CNF
(T AL T

- mixing | pouring washing
L S ‘ .

A , \ AN PANI CNC CNF
\ { o ®
/\—"Or \ o \?

CNC CNF
Figure 15 Schematic illustration of the synthesis of conducting thin films.

8.3 Methods
8.3.1 Study on TiO; particles

Physico-chemical characterization

Particle sizes and particle size distribution of TiO, particles were determined
by dynamic light scattering (DLS) on a Zetasizer Nano ZS90 (Malvern
Instruments, Malvern, Worcestershire, UK). Analyses were performed after
dilution of the initial TiO, dispersions in the given media at a scattering angle of
90° and temperature of 25 °C. For measurements, 20 uL of dispersion was added
to 1 mL of each medium. The time-dependent development of particle size was
studied for 100 min at 20 min intervals and particle size was expressed as an
average intensity-derived particle diameter (z-average diameter) calculated on the
basis of at least three repeated measurements. In addition to particle size, the
polydispersity index (PDI) was also obtained. The PDI is a measure of the
distribution width spanning from 0 to 1, where ~0.1 would be achieved by
a completely monodisperse system, while values greater than 0.7 indicate
a sample with a very broad size distribution.

Zeta potential was measured using a Zetasizer Nano ZS90 (Malvern
Instruments, Worcestershire, Malvern, UK). Measurements were performed in
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Milli-Q water with pH varying within the pH range of 1 to 10. For analysis,
15 uL TiO; dispersion was mixed with 4 mL pH adjusted water to a final
concentration of 3.75 uL mL™1. Zeta potential measurements are calculated on the
basis of at least three repeated measurements and expressed as means and standard
deviations of respective values.

Morphology of TiO; particles was observed using a Nova NanoSEM 450
scanning electron microscope (SEM) (FEI, ThermoFischer Scientific, Waltham,
MA, USA) at an accelerating voltage of 5 kV.

Biological characterization

Cytotoxicity. In order to evaluate the cytotoxic effect of TiO, particles, mouse
embryonic fibroblast cell lines (ATCC CRL-1658 NIH/3T3) were used.
ATCC—formulated Dulbecco’s Modified Eagle’s Medium (DMEM, PAA
Laboratories GmbH, Pasching, Austria) containing 10% calf serum (Biosera,
Nuaille, France) and 1% Penicillin/Streptomycin (GE Healthcare HyClone,
Northumberland, UK) was used as the culture medium. Cytotoxicity evaluation
was performed according to ISO 10 993-5:2009 protocol. Dispersions of
TiO, were prepared by diluting the 5.0 mg mL™ parent dispersion followed by
homogenization in 10 mL culture medium for 30 min using a UP400S sonicator
(Heielscher, Teltow, Germany). A series of concentrations (5.0, 4.0, 3.5, 3.0, 2.5,
2.0, 1.5, 1.0 mg mL™) was obtained. For the cytotoxicity assay, NIH/3T3 cells
were pre-cultivated for 24 h and seeded at a concentration of 1 x 10° cells per well
(96 well plates were used, TPP Trasadingen, Switzerland). The culture medium
was subsequently replaced by TiO; dispersions with the above-given
concentrations. The cytotoxicity was measured 24 h after exposure. As
a reference, cells cultivated in pure medium without TiO, particles were used.
Cytotoxic effects were evaluated using the ATP Determination Kit (A22066,
Thermo Fisher Scientific, Waltham, MA, USA) and the luminescence was
measured with an Infinite M200 PRO Iuminometer (Tecan, Maéinnedorf,
Switzerland). All tests were carried out in quadruplicates in two independent tests.
Results are presented as the relative values of cell viability compared to cells
cultivated in medium without the presence of the tested materials (reference with
viability 1).

Cell morphology was observed using an inverted Olympus phase contrast
microscope (Olympus 1X81, Tokyo, Japan).

8.3.2 Study on cCNC/TiO.-stabilized emulsions

Physico-chemical characterization

Size of emulsion droplets. The droplet size and distribution were measured
using laser diffraction (Mastersizer 3000, Malvern Instruments, UK). For
diffraction measurements, the emulsions were sampled and suspended in the
instrument flow system containing milliQ-water at a pump velocity of 2220 rpm.
The volume mean diameter D[4,3], corresponding to the mean diameter of spheres
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with the same volume as the analysed droplets, was determined. Analyses were
carried out on the day of preparation, as well as one and two weeks after
preparation.

Zeta potential of emulsion droplets. Zeta potential was measured using
a Zetasizer Nano ZS90 (Malvern Instruments, UK). Prior to measurements, 15 pL
of emulsion was diluted with 4 mL of demineralized water adjusted to pH 3 or 5
and measured for the zeta-potential, which was reported as a mean and standard
deviation of three measurements. The measurement took place at the same time
intervals as the measurement of emulsion droplet size.

Phase studies. The stability of emulsions was evaluated visually on the day of
preparation, the day after preparation, and one and two weeks after the preparation
of the emulsions. The emulsions were stored at ambient temperature. The stability
was assessed using emulsification index (EI), encapsulation efficiency (EE), and
creaming index (Cl). The emulsification index was calculated according to
equation (2), where Vemuis 1S the volume of emulsion layer formed, and Vigar 1S
the total volume of the sample. The encapsulation efficacy was determined from
a volume fraction of the encapsulated oil (Vencaps) and total volume of the oil phase
(Vi) (equation 3). The creaming index was calculated as the height of the
emulsion layer (Hemuis) relative to the total height of the emulsion (Ha) (€quation

4).

1%

El = 2™ . 100% (2)
Vtotal

EE = Vencaps 100% (3)
Vtotal
H

Cl = —™2-100% @
Htotal

Morphology. Atomic force microscopy (AFM) was used to examine the
morphology of emulsion droplets. The analysis of emulsions was investigated
using a Dimension ICON with ScanAsyst-AlR probe (Bruker Corporation; USA).
The emulsions were diluted with demineralized water in a ratio of 1:9 and then
50 uL of the emulsion was placed on mica surface and allowed to dry at room
temperature. The measurements were conducted at normal relative humidity and
room temperature in ScanAsyst mode. The images were recorded at a scanning
rate of 1 Hz. The dispersions prepared in the preformulation study were examined
using an Olympus 1X81 optical microscope (Tokyo, Japan) without dilution.
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8.3.3 Study on conducting colloidal systems

Colloidal particles and Pickering emulsion: physico-chemical characterization

Particle sizes of colloidal particles and emulsion droplets were determined on
freshly prepared samples by dynamic light scattering (DLS) using Zetasizer Nano
ZS instrument (Malvern Instrument, UK). The sizes were expressed as an average
intensity-derived diameter (z-average diameter) calculated on the basis of at least
three repeated measurements. In addition to particle size, the polydispersity index
(PDI) describing the distribution width was obtained. For analysis, 20 uL of
freshly prepared sample was added to 3 mL 1M HCI twice filtered through a filter
with a pore size of 0.22 um (TPP Trasadingen, Switzerland). The measurements
were performed at temperature of 25 °C in disposable cuvettes on the day of
preparation. The particle sizes and distributions were confirmed on dialysed
samples in the same manner.

Ultraviolet—visible (UV-vis) spectra of PANI/CNC and PANI/CNF dispersions
were recorded for determining the concentration of PANI in the colloidal
dispersions and verification of successful synthesis of the PANI-containing
colloidal particles. The spectra were measured at the wavelength range of
200-800 nm using a Photo Lab 6600 UV-vis spectrometer (WTW, Germany).
After dilution of the sample with twice filtered 1M HCI, the concentrations of
PANI in PANI/CNC and PANI/CNF samples were calculated according to [296].

Morphology. The morphologies of nanocelluloses (CNC, CNF) and colloidal
particles (PANI/CNC, PANI/CNF) were studied by transmission electron
microscopy (TEM) using JEOL JEM 2000 FX (Japan). The emulsion droplets
were investigated by confocal laser scanning microscopy in transmission mode,
using Olympus model FVV3000 microscope (Olympus, Tokyo, Japan).

Colloidal particles and Pickering emulsion: biological characterization

Biological testing of colloidal particles and emulsions was carried out in
cooperation with the Institute of Biophysics of the Czech Academy of Sciences
and the Faculty of Science at Masaryk University in Brno, and included testing of
cytotoxicity, antioxidant activity, oxidative burst (ROS production), and nitric
oxide (NO) and interleukin 6 (IL-6) production. Biological assays were performed
on the murine peritoneal macrophage and isolated neutrophils.

Cell culture. The murine peritoneal macrophage RAW 264.7 (European
Collection of Authenticated Cell Cultures, UK) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM; Gibco), supplemented with 10% of
heat-inactivated low endotoxin fetal bovine serum (FBS; PAN, Germany) and 1%
combination penicillin-streptomycin. Cells were maintained at 37 °C in
a humidified atmosphere containing 5 % CO; and 95 % air.

Neutrophils isolation. Blood samples were collected from the cubital vein of
healthy individuals. The volunteers were aged 18-50, both female and male and
they did not take any drugs and were free of any signs of cold or other diseases
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for at least 3 weeks before blood sampling. The Ethics Committee for Research
at Masaryk University, Brno, Czech Republic (number EKV-2018-083) approved
the collection protocol. Sodium citrate (0.38% final concentration) was used as
an anticoagulant. The whole blood was mixed with 3% dextran and left at room
temperature for approx. 30 min. The resulting buffy coat was overlaid on
Histopaque 1.077 and centrifuged at 390 g for 30 min without acceleration and
brake. After centrifugation, the remaining erythrocytes were lysed by water
hypotonic lysis for 30 sec. The neutrophils were washed in cold PBS, centrifuged
at 190 x g for 10 min, and finally re-suspended in cold PBS. The viability of
neutrophils was verified by CASY cytometer (Roche, Switzerland) and only
neutrophils with viability over 95 % were used for these experiments.

Cytotoxicity evaluation. Evaluation of RAW 264.7 cells cytotoxicity was based
on the determination of the amount of metabolically active cells according to the
analysis of the total amount of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in whole-
cell lysates, which reflects the number of metabolically active viable cells in
culture, as described in [297]. RAW264.7 cells were incubated in a 24-well plate
with tested compounds and LPS (25 ng mL ™) for 24 h at 37 °C in an atmosphere
of 5% CO; and 95% air. At the end of the incubation period, the cultivation
medium was collected for NO and IL-6 production detection and a new cell
culture medium supplemented with MTT (final concentration 0.25 mg mL 1) was
added and incubated for another 1 h. The medium was removed and formazan
from cells was extracted with 100 pl of 10% Triton X-100 in 0.1M HCI per well
on a shaker for 15 minutes. The extracts were transferred into a 96-well plate and
the absorbance was read at 570 nm on a SPECTRA Sunrise microplate reader
(Tecan, Mannedorf, Switzerland).

Antioxidant activity. The luminol-HRP-H,0O, cell-free system was used to
determine the antioxidant activity of colloidal particles and Pickering emulsions.
The principle of the method was described previously in [298]. As a source of
chemiluminescence signal, the H,O, and horseradish peroxidase (HRP) were
used. Aliquots of 50 pl of tested samples (diluted to 1 — 10 % of starting
concentrations), HRP (final concentration 2 U mL™), and luminol (final
concentration 10 pM) were mixed in a 96-well luminescence plate. The reaction
was started by adding H,O, to a final concentration of 100 pmol L1
Chemiluminescence signal was measured for 120 min at 37 °C by an LM-01
microplate luminometer (Immunotech, Czech Republic). Data were converted to
a percentage of the control (HRP or luminol) and presented as mean (n=4) + SEM.

The oxidative burst (ROS production) of isolated neutrophils. Kinetics of ROS
formation by isolated neutrophils was determined by luminol-enhanced
chemiluminescence for a period of 120 min at 37 °C, using 96-well white flat
bottom culture plates on a luminometer (Immunotech, Czech Republic and
Infinite M200, Tecan, Switzerland). The analysis was carried out according to
[299]. Firstly, 25 pL of neutrophil suspension (2.5x10° cells/well) in Hank’s
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buffered salt solution (HBSS) were mixed with 25 puLL of 10 mM luminol (in 0.2M
borate buffer) and 25 uL of each of the tested samples (PANI/CNC, PANI/CNF,
Pickering emulsions; diluted to 1 — 10 % of starting concentrations with HBSS).
The total volume was adjusted to 250 pul with HBSS and the samples were
measured immediately. The response obtained was named spontaneous
(non-stimulated with other activators) chemiluminescence. Secondly, 25 uL of
neutrophil suspension (2.5x10° cells/well) mixed with 25 pL of 10 mM luminol
and 25 puL each of the tested samples (diluted to 1 — 10 % of starting
concentrations). HBSS was also used to adjust the total reaction volume to
225 uL. Finally, neutrophils were activated with 25 puL of 62.5 pg mL™* opsonized
zymosan particles (OZP-activated chemiluminescence, Sigma-Aldrich). The data
were based on integral values of chemiluminescence over 120 min and converted
to a percentage of the respective control (without or with OZP) and presented as
mean (n=4) + standard error of the mean (SEM).

Nitric oxide (NO) and interleukin 6 (IL-6) production from murine
macrophages. Changes in NO production were measured indirectly as the
accumulation of nitrites (the end product of NO metabolism) in medium by using
Griess reagent (Sigma-Aldrich), according to the method described previously in
[300]. Murine macrophage cell line RAW 264.7 was cultured in 24-well flat
bottom plates at 2.5x10° cells/well with tested samples (diluted to 1 — 10 % of
starting concentrations), dissolved in DMEM medium and 15 ng mL™
lipopolysaccharide (LPS; E. coli/026:B6, Sigma-Aldrich) for 24 h. The total
volume was 500 pL. At the end of the incubation, the supernatants were collected
by centrifugation at 16000 x g at 4 °C for 5 min and 80 uL of each sample was
mixed with equal volume of the Griess reagent (Sigma-Aldrich) in a 96-well plate.
The reaction mixtures were incubated at room temperature for 30 min in the dark
and the absorbance was read at 540 nm. A calibration curve of 0.52 uM NaNO;
was constructed and used for calculations. Data were converted to a percentage
of the LPS control and presented as mean (n=4) + SEM. The concentration of
pro-inflammatory cytokine IL-6 produced by RAW264.7 cells in the cultivation
medium was determined after 24 h of exposure to tested samples and LPS by
commercially available immunoassays (Mouse IL-6 DuoSet, R&D Systems). The
assays were carried out according to the manufacturer's instructions as described
previously in [301]. Data were converted to a percentage of the LPS control and
presented as mean (n=4) + SEM.

Statistical analysis. Data related to biological properties are presented as
mean = SEM. All assays were performed in quadruplicates. The number of
independent experiments (n) is stated in the figure legend. The data from some of
the measurements were normalized to the reference in each experiment to account
for the variability of individual cell passages. Statistical analysis was performed
using GraphPad Prism version 6.01 for Windows, GraphPad Software, La Jolla
California USA. Statistical differences were tested by one-way ANOVA, which
was followed by Dunnett’s multiple comparison test or by one-sample t-test to
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compare values expressed as percentages. In the case of one sample t-test
application, the Bonferroni correction of the p-value for multiple comparisons was
performed. P < 0.05 was taken to indicate significant differences between data
mean values.

Antibacterial properties. The testing of antibacterial properties of colloidal
PANI/CNC and PANI/CNF dispersions was performed with two bacterial strains,
gram positive Staphylococcus aureus CCM 4516 and gram negative Escherichia
coli CCM 4517 (Czech Collection of Microorganisms). The density of bacterial
suspensions was adjusted to obtain the starting inoculum concentration of
5 x 10° CFU mL™ through diluting with Mueller-Hinton broth. Bacteria were
grown on Plate Count-Agar (PCA, HiMedia laboratories, India) at 35 °C for 24 h.
Antibacterial activity was determined as the minimum inhibitory concentration
(MIC). The colloidal dispersions were diluted with distilled water to the
concentrations corresponding to mg mL™t PANI in dispersions ranging from
1.84 to 0.0009 mg mL* (PANI/CNC) and 2.88 to 0.0014 mg mL* (PANI/CNF),
and inoculated with 2 mL of bacterial suspension. The samples were incubated at
35 °C for 24 h and then 100 pL of the samples were spread over agar plate
surfaces. After 24 h of incubation at 37 °C, the MIC was determined. For
antibacterial tests, each experiment was performed in duplicates.

Colloid-based thin films: physico-chemical characterization

Surface energy. Contact angle measurements and determination of surface
energy were performed using a SEE System (Advex Instruments, Brno, Czech
Republic) equipped with a CCD camera. For all tested films, deionized water,
ethylene glycol, and diiodomethane (all from Sigma-Aldrich, Germany) were
used as testing liquids and the droplet volume of the testing liquids was set to
5 uL. For each film, three replicate measurements were performed. The surface
free energy was determined by the “acid—base” model.

Atomic force microscopy. The analysis of the surface topographies and
electrical properties of the films was investigated by tunnelling AFM using the
PeakForce  TUNA module on a Dimension ICON instrument (Bruker
Corporation; USA). Measurements were performed under laboratory temperature
and atmosphere by using a PFTUNA probe (Bruker Corporation; USA) with
a spring constant of 0.4 N m* covered on both sides with a conducting Pt/Ir layer.
The scanning rate was 0.3 Hz and the TUNA current was measured by applying
a bias voltage of 800 mV and the same peak force to all the studied samples. The
resulting area roughness parameters and TUNA current signals were determined
according to the protocol of ISO 25178-2 standard using NanoScope Analysis
software v.1.5. The following parameters were determined: mean and maximum
TUNA current, surface roughness (Sa) (arithmetical mean height), maximum
surface height (Sz) (the sum of the largest peak and largest pit depth values on the
surface), and surface area increase (Rsa).
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Conductivity. The four-point van der Pauw method was used to determine the
conductivity of the studied films. A programmable electrometer Keithley 6517B,
a source meter Keithley 2410 and a switch Keithley 7002 (USA) were employed.
Measurements were performed at ambient temperature.

Colloid-based thin films: biological characterization

Cell proliferation. Prior to testing, the samples of composite films were
disinfected by 30 min of exposure to a UV-radiation source operating at
a wavelength of 258 nm, emitted from a low-pressure mercury lamp. Investigation
was performed into the compatibility of the PANI/CNC and PANI/CNF films
with the mouse embryonic fibroblast NIH/3T3 cell line (ECACC 93061524,
England). For this assay, ATCC—formulated Dulbecco's Modified Eagle's
Medium (Biosera, France) containing 10% of calf serum (BioSera, France) and
100 U mL™* Penicillin/Streptomycin (Biosera, France), was used as the culture
medium. Cell proliferation was assessed on cells that had been seeded on the
tested samples in the tissue polystyrene culture dishes (TPP, Switzerland) at
an initial concentration of 1 x 10° cells mL™ and cultivated. After 48 h of the
proliferation, cells were observed by the confocal laser scanning microscopy,
model FV3000 (Olympus, Tokyo, Japan) using ActinGreenTM 488 (Thermo
Fisher Scientific, USA) and Hoechst 33258 (blue color, Thermo Fisher Scientific,
USA).

Antioxidant activity. Antioxidant properties of PANI/CNC and PANI/CNF
films was determined by a 1,1-diphenyl-2-picrylhydrazyl (DPPH) free-radical
scavenging assay. Freshly prepared 1 x 10 M DPPH solution in ethanol (1 mL)
was poured onto the petri dish (diameter of 3.5 cm) with in situ polymerized
PANI/CNC or PANI/films and immediately placed in dark for 5 min. UV spectra
of DPPH solution being in contact with studied films were recorded at 516 nm
using Jasco V-750 Spectrophotometer (Jasco Inc, USA) and scavenging activity
(SC) was calculated as SC = [(Ao— A1)/Aq/ x 100, where Ag and A; are absorbance
of DPPH solution prior to and after contact with tested samples, respectively.

Antibacterial properties. Antibacterial efficacy of the films was determined
with gram-positive Staphylococcus aureus CCM 4516 and gram-negative
Escherichia coli CCM 4517 purchased from the Czech Collection of
Microorganisms (Czech Republic). The antibacterial activity was determined
according to the protocol of EN ISO 22196:2011 (modified version). Prior to
testing, the samples were disinfected by an exposure to an UV-radiation source
(258 nm) at which PANI is stable [180]. Bacteria were grown on a plate count
agar (PCA) (Sigma-Aldrich, USA) at 35 °C and a relative humidity of not less
than 90 %. For antibacterial tests, bacteria were inoculated in tryptic soy broth
(TSB) (HiMedia Laboratories, Mumbai, India) and then adjusted and diluted to
obtain the starting inoculum concentration. The optical density (OD)
measurement was used to determine the number of cells. The volume of bacterial
suspension applied on the tested area was 300 pL. Incubation was carried out at
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35 °C and a relative humidity of not less than 90 % for 24 h. After the incubation,
the tested films were rinsed with 6.2 mL of soybean casein digest lecithin
polysorbate (SCDLP) medium (HiMedia Laboratories, Mumbai, India) followed
by determination of the viable bacteria number using a pour plate culture method.
The standard PANI film was used as a reference surface.

8.4 Results and discussion
8.4.1 Study on TiO; particles

Ti0; is interesting material with good biocompatibility, excellent stability, high
refractive index, corrosion resistance, and low-cost production [302]. Due to the
presence of TiO, in many dermal and cosmetic formulations such as sunscreens,
creams, foundations or lip balms, the exposure of humans to TiO, via the dermal
or oral route is inevitable [303], whereas a gap in knowledge about the possible
adverse effects of TiO; still exists. As regards topical applications, according to
most studies carried out on humans or animals, no penetration of TiO, beyond the
outer layers of the stratum corneum to viable epidermis or dermis cells has been
proven after dermal exposure [304,305]. Because of the accidental oral intake of
some types of cosmetic products such as lip balms, it is also necessary to consider
the possibility of TiO, NPs penetration into the oral and gastrointestinal mucosa
[303]. Authors of publication [306] conducted a human in vivo study on the
gastrointestinal absorption of TiO, NPs of different particle sizes and reported on
the absence of significant TiO, absorption after oral exposure in humans,
regardless of particle size [306]. Recently, Marucco et al. conducted a study using
a simulated human digestive system to evaluate the biotransformation of
food-grade and nanometric TiO, during the transit in the oral-gastro-intestinal
tract. The results revealed particle aggregation as a result of the high ionic strength
in the simulated gastric and intestinal fluids. The authors also observed the
formation of a hard-biocorona, resulting in partial masking of the TiO particles
surface and reactivity [307]. In addition, Dudefoi et al. reported the formation of
agglomerates mainly in the intestinal fluid as a result of a-amylase and divalent
cation adsorption. Moreover, TiO; inhibited the enzymatic activity of a-amylase
in saliva, while having no effect on pepsin activity in gastric fluid [308].

Generally, the penetration of TiO, NPs into the blood circulation system via the
gastrointestinal tract (GIT) is affected by variety of factors. However, absorption
from the GIT into blood and urine is rare, and recent studies suggest that most
particles are discharged by the GIT after ingestion [309,310]. According to [311],
Ti10; nanoparticles could, however, accumulate in tissues and organs such as the
liver, spleen, kidneys, and lungs after absorption by the GIT. If long-term
exposure is considered, even minor penetration from the GIT, or skin, into blood
could have a significant impact [311]. Several in vivo studies indicated that
TiO, NPs can penetrate the intestinal mucosa after oral exposure [312]. All these
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studies indicate a potential risk of the accumulation TiO2 NPs in specific organs
after repeated long-term oral exposure.

In the context of incidental oral exposure, this study was focused on the
comparison of four different types of TiO, particles (rutile, anatase, and their
mixture) with respect to their behaviour in simulated body fluids including saliva,
simulated gastric and intestinal fluids appropriately supplemented with enzymes
pepsin and pancreatin, as well as and human blood plasma. Correspondingly,
behaviour of TiO, in media used in in vitro experiments
(cell culture medium — DMEM and phosphate buffered saline — PBS) was
investigated. The key contribution of the study is the following of the
time-dependent agglomeration of TiO, particles under comparable conditions and
the comparison of their cytotoxicity. This study serves as a basis for a follow-up
study dealing with the formulation of Pickering emulsions stabilized by TiO,
particles in combination with cellulose nanoparticles.

Characterization of TiO2 particles

The most commonly used TiO; forms include rutile and anatase. Although they
have the same chemical composition, their structures differ [313]. In this study,
the information on the structure and morphology of TiO, particles was
investigated by SEM. The Fig. 16 demonstrates differences in shape and
morphology among the studied particles. While Rutile 1 appears as clusters of
elongated needle-like particles, sample of Rutile 5 is composed of spherical
particles with a clear crystal contour and a smooth surface (Fig. 16A, B). In
addition, the figures also display differences in the size of primary crystallites
being 21 nm and 150 nm for Rutile 1 and Rutile 5, respectively. In contrast,
commercial Anatase and Anatase/Rutile samples revealed similar morphology.
The particles are spherical with an irregular shape and a rough surface (Fig. 16C,
D).
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Figure 16 Scanning electron micrographs of (A) Rutile 1, (B) Rutile 5, (C)
Anatase, and (D) Anatase/Rutile.

Particle size and polydispersity index (PDI) of TiO; particles were determined
in Milli-Q water to acquire reference values. The results from DLS are shown in
Tab. 6. The diameters of particles ranged from 142 + 2 nm (Anatase/Rutile) to
553 £ 7 nm (Anatase) and PDI values ranged from 0.18 = 0.01 (Rutile 5) to
0.35 + 0.01 (Anatase/Rutile), which illustrated differences in studied particles.

Table 6 The diameter and PDI of TiO, dispersed in water together with zeta
potentials determined in water with pH adjusted to 7 and isoelectric point (IEPS)
of studied samples.

Sample Z-average [nm] PDI Zeta potential IEP
[mV]

Rutile 1 215+ 1 023+0.01 -21.6+1.0 4.4

Rutile 5 287 + 8 0.18+0.01 -35.5+09 4.0

Anatase 553+7 0.33+0.02 -18.5+04 55

Anatase/Rutile 142 +2 0.35+0.01 -3.0+0.6 6.0

Zeta potentials of TiO, were examined at different pH and the course of C vs pH
dependencies revealed a similar trend (Fig. 17). However, the isoelectric point
(IEP) varied within the pH range of ~4-6, and both Rutile samples displayed IEPs
below pH 5. On the contrary, Anatase and Anatase/Rutile demonstrated IEPs of
5.5 and 6.0, respectively. Most commercial TiO, nano-powders exhibit IEPs
ranging widely from pH 2-9 [314] and the differences can be attributed to several
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factors, such as the insufficient surface purity of TiO, NPs [315] or the size and
shape of NPs [316]. In addition, low IEP values may be due to the presence of
phosphates or other anionic impurities in commercial TiO, [317].
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Figure 17 pH dependence of zeta potentials of the TiO, particles.

Behaviour of TiO; particles in cultivation media

Understanding of TiO, behaviour in a biological environment is essential for in
vitro studies; therefore, TiO, particles were exposed to media commonly used for
biological testing, namely PBS, serum-free DMEM, and DMEM supplemented
with calf serum (DMEM?®¢"™) and their agglomeration was studied. As expected,
immediately after the mixing the TiO, dispersion with PBS, the sizes of the
particles increased, which was most significant for Rutile 1 (from 215 + 1 nm to
3330+ 190 nm), thus demonstrating rapid agglomeration in the samples (Fig. 18).
Similar behaviour was observed with Anatase/Rutile and Anatase, but with
different initial agglomeration levels. The decrease in size of Anatase particles
after 80-min contact with PBS could be due to size-induced sedimentation of the
formed agglomerates. On the other hand, Rutile 5 particles agglomerated least and
their size grew gradually during the increasing time of contact. Also Teubl et al.
observed a high level of TiO, NPs agglomeration in PBS due to the presence of
ions [318]. In addition, Sager et al. stated that using PBS as a medium for
preparing suspensions of nano-sized particles is unsuitable due to the formation
of aggregates [319].

In serum free DMEM, TiO, samples agglomerated as well, which was due to
the presence of electrolytes screening the particle surface charge; however, the
behaviour of individual samples varied (Fig. 18). The Rutile 5 in DMEM, like in
PBS, showed the smallest initial agglomeration and lower rate of agglomeration
over time. The colloidal stability of TiO, NPs in cell culture medium was
investigated by Allouni et al. who observed growing agglomeration of NPs with
increasing particle concentrations. The authors explained this effect by the
increasing frequency of direct particle-to-particle interactions caused by the ionic
strength of the medium [315].

In contrast, the supplementation of DMEM with calf serum significantly
reduced agglomeration in all studied samples. Rutile 1 and 5 increased their sizes
the least and behaved almost the same during the entire measurement period, and
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agglomeration of the Rutile/Anatase mixture and Anatase was significantly
reduced in the presence of serum (Fig. 18). Thus, it is clear that the calf serum
hindered interactions of TiO, particles through the formation of a protective
protein layer, a corona, on the surface of the particles. This is consistent with the
study of Ji et al. who investigated the effect of calf serum on the size and stability
of TiO, NPs in different culture media and concluded that even 1% serum
effectively stabilized dispersions and prevented NPs agglomerating due to the
content of specific proteins forming a corona [320]. The protein corona consists
of two layers, soft and hard. The former contains proteins with high affinity and
direct interaction with the NP surface, while the latter contains low-affinity
proteins. Biological fluids contains a variety of molecules that compete for
adsorption on the NP surface, such as proteins, enzymes, lipids, etc.; however,

proteins are primarily involved in corona formation [321].
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Figure 18 The time-dependent changes in size of TiO, particles in media used for
in vitro experiments. The starting concentration of the TiO, particles in dispersion
media was 0.5 mg mL™1,

Behaviour of TiO> particles in simulated body fluids and human blood plasma

The simulated gastrointestinal fluids were used to describe fate of TiO,
particles with respect to their agglomeration after ingestion. The study is further
enriched with a description of the agglomeration behaviour of TiO, by observing
the direct contact of particles with blood plasma, which can occur when
epithelium or skin are injured.

In the case of oral exposure, saliva is the first part of the digestive system
coming into contact with particles. In this environment (pH 6.8), TiO, particles
behaved similarly as in PBS and DMEM, as it is seen in Fig. 19), and Rutile 5
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exhibited the smallest agglomeration. After an initial increase from 287 + 8 nm
(water) to 392 + 13 nm (saliva), the particle diameter remained almost unchanged.
In contrast, the maximum size of agglomerates/particles in saliva was recorded
for Rutile 1 immediately after mixing with saliva (2908 + 854 nm). In
Anatase/Rutile and Anatase, significant agglomeration was observed, though it
was minor in comparison with Rutile 1. The observed agglomeration is consistent
with findings of the study [318]. The authors reported a significant agglomeration
of TiO, NPs in simulated saliva independent of the surface properties
(hydrophilicity/hydrophobicity) of the NPs [318]. In addition, our results also
show that agglomerates form rapidly and immediately after mixing with saliva.
On the other hand, these agglomerates may disintegrate and equilibrium may be
established between agglomerated and non-agglomerated particles.
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Figure 19 Time-dependent change in particle size of TiO, particles in simulated
saliva. The starting concentration of the TiO, particles was 0.5 mg mL™,

The behaviour of the TiO; particles in simulated gastric fluid (SGF, pH 1.2)
was fundamentally different from that observed in other simulated body fluids
(Fig. 20). Anatase/Rutile particles were the most stable in the SGF environment,
with their size increasing only slightly with measurement time to a maximum
value of 169 £+ 10 nm from a reference value of 142 + 2 nm in Milli-Q water. On
the other hand, particles of Rutile 1 and Rutile 5 increased their size
approximately three times in size from the value determined in Milli-Q water.
Anatase particles dispersed in SGF were smaller than those in water, reaching
a size of 241 £ 9 nm after mixing and gradually increasing to a maximum value
of 478 = 17 nm during the measurement time. Thus, the low pH of SGF (1.2)
appears to contribute to lower particle agglomeration when compared to other
simulated body fluids, despite the fact that the charge and agglomeration of TiO,
NPs are strongly affected by pH [322]. On the contrary, the particles of all samples
strongly agglomerated in SGF™¢*in despite the low pH of this body fluid (Fig. 20).
A particle size of 1605 + 320 nm was measured in Rutile 1 immediately after
mixing with SGF, which grew sharply to 3014 = 124 nm, and then gradually
decreased to a final size of 2444 + 76 nm after 100 min. The particles of Rutile 5
showed an initial size of 512 + 52 nm, which increased to around 1000 nm during
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the measurement. Anatase/Rutile particles grew from an initial size of
1417 =313 nm to a maximum value of 2485 £+ 95 nm, and the particles of Anatase
grew immediately after mixing with the SGF™" to a value of 1189 + 134 nm,
which did not change further during the analysis. In this context, Sun et al.
reported on the formation of a soft corona with the low affinity between TiO, NPs
and pepsin and, correspondingly to our study, corona formation on the TiO, NPs
surface did not reduce NP aggregation. The difference in charges of TiO, NPs and
pepsin could explain this effect; specifically, at acidic pH, TiO, NPs in the
presence of SGF without pepsin displayed a positive charge, while pepsin in SGF
showed a minor negative charge. As a result of the weak electrostatic interactions
between NP and pepsin, the protein corona formed may not sufficiently separate
NPs, allowing their agglomeration [323].
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Figure 20 Time-dependent changes in size of TiO, particles in simulated gastric
fluids. The starting concentration of the TiO, particles in dispersion media was
0.5mgmL™1

The agglomeration of TiO; particles was also recorded in simulated intestinal
fluid (SIF, pH 6.8) (Fig. 21). Particles of Rutile 1 changed their size the most,
correspondingly to the situation in simulated saliva. At the start of analysis, a size
of 2226 + 79 nm was detected, which remained nearly constant throughout the
measurement. In contrast, Rutile 5 showed significantly less agglomeration, with
an initial increase in particle size to 520 + 58 nm followed by further growth to
a maximum value of 797 £ 79 nm, and then a decrease to 650 + 27 nm at the end
of the measurement, indicating agglomerate sedimentation. A progressive
agglomeration of particles was observed in Anatase/Rutile, reaching a maximum
size of 1998 + 40 nm. The particle sizes of Anatase fluctuated during the analysis,
with values below 1000 nm. Similarly to presence of pepsin in SGF, pancreatin
in SIF triggered a significant agglomeration of TiO, particles (Fig. 21). The
greatest changes were recorded for Anatase/Rutile, where the
particle/agglomerate size increased dramatically up to a maximum value of
4286 + 41 nm measured after 20 min, and then decreased slightly, indicating the
sedimentation of agglomerated particles. Significant agglomeration also occurred
in both Rutile samples. Authors of publication [324] reported a steady increase in
the concentration of TiO, (Anatase) nanoparticles in simulated intestinal fluid, as
well as a notable increase in agglomerate size over time.
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Figure 21 Time-dependent change in particle size of TiO; particles in simulated
intestinal fluid. The starting concentration of the TiO, particles in dispersion
media was 0.5 mg mL™1,

In contrast to the gastrointestinal fluids, TiO, agglomeration was significantly
reduced in the blood plasma (Fig. 22). The smallest change in particle size after
mixing with plasma was observed with Rutile 1, with only a slight increase in size
from 215 + 1 nm (MilliQ water) to 318 = 11 nm. Conversely, the particle size
increased most for Rutile 5, from the reference value of 287 £ 8§ nm to
607 + 22 nm. Particles of Anatase/Rutile and Anatase in plasma were even smaller
than those in water. Blood plasma reduced agglomeration of TiO, particles
compared to other fluids because of the rapid interactions of TiO; particles with
plasma proteins and the formation of the protein corona mentioned above. Deng
et al. investigated the binding of human plasma proteins to commercially available
TiO, NPs and observed equilibrium during the first five minutes of incubation
[325], which could account for the constant particle size observed during the
measurement period in our study. Additionally, according to a study by [326],
fibrinogen showed the strongest affinity for all tested NPs, including TiO,, which
could inhibit the adsorption of other proteins. The authors further observed that
the crystal structure of TiO, NPs may affect protein adsorption, and they stated
that, in contrast to expectations, particles with a higher specific surface area do
not bind more protein than larger ones [326]. According to [325], the degree of
agglomeration has a significant influence on the binding of plasma proteins. As
a result, the biodistribution of particles may be, to a certain extent, dictated by the
degree of agglomeration of nanoparticles, with this affecting cell surface protein
binding [325].
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Figure 22 Time-dependent change in particle size of TiO, particles in human
blood plasma. The starting concentration of the TiO, particles in dispersion
media was 0.5 mg mL™1,

Biological properties

Cytotoxicity is the most important test for determining primary indication of
particles behaviour in contact with living systems. The experiment was designed
to determine the toxic dose of TiO; particles for NIH/3T3 cells. The results of the
experiment presented in Fig. 23 show that the cytotoxicity levels for each of the
TiO, sample were different. Rutile 1 was cytotoxic at 4000 pg mL™* dispersion
concentration of, whereas Rutile 5 was cytotoxic at a dispersion concentration of
1500 ug mL™? and, thus more cytotoxic than Rutile 1. Anatase exhibited
cytotoxicity at concentration of 1500 pg mL™, similarly to Rutile 5. These
differences could be attributed to the different physicochemical properties of the
tested samples, such as particle size or surface chemistry. Although many
cytotoxicity studies of commercial TiO, NPs on different cell types were
performed, results are inconsistent. This can be caused by a variety of factors,
such as the type of TiO, particles, the type of cells used, the concentration range
tested, etc. For testing, some studies used mouse fibroblasts. Pittol et al., for
example, observed no significant reduction in viability after the exposing mouse
fibroblast cells (L929) to TiO; particles at concentrations as high as of 10,000 pg
gl The authors attributed the non-toxic effect of the particles to their
agglomeration tendency, composition, and crystalline form, as well as their
interaction in culture media [327]. Similarly, Roston et al. observed only a minor
effect of TiO, NPs on the viability of mouse fibroblasts (L929), however, at
significantly lower concentrations (10-200 pg mL ™) [328].
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Figure 23 Cytotoxicity of TiO, particles after 24 h of exposure to NIH/3T3 mouse
embryonic fibroblast cells. The patterned area shows concentrations with
cytotoxic effects, as defined by EN ISO 10993-5, where a viability > 0.7
corresponds to an absence of cytotoxicity.

Summary of the study

The growing application of materials containing TiO, particles necessitates
a thorough understanding of their impact on human health. The aim of this
experiment was to investigate the behaviour of different forms of TiO, particles
(rutile, anatase, and their commercial mixture) in media used for biocompatibility
testing, simulated body fluids, and human blood plasma. Simulated body fluids of
different compositions, ionic strengths, and pH were used, and the impact of the
absence or presence of chosen enzymes was investigated as well. Under
comparable conditions, the physicochemical properties and time-dependent
agglomeration of TiO, particles in these media were determined. The
time-dependent agglomeration of TiO, was related to the type of TiO,, and more
specifically to the type and composition of the environment investigated. The
results showed that, due to the presence of electrolytes that screen particle surface
charge, all tested forms of TiO, particles agglomerated immediately after contact
with PBS and serum-free DMEM. The presence of calf serum in DMEM, on the
other hand, significantly reduced agglomeration due to the formation of
a protective protein corona around the particle surface. To mimic the digestive
process, TiO, particles were exposed to simulated saliva, gastric and intestinal
fluid, suitably supplemented with the digestive enzymes, pepsin or pancreatin.
The TiO, samples behaved similarly as in PBS and DMEM after being mixed
particles with saliva. Contrary to the protective effect of calf serum in DMEM,
pepsin and pancreatin triggered the significant agglomeration of TiO; particles in
SGF and SIF. Here the formation of agglomerates was notably higher in
comparison with the situation when the enzymes were absent. TiO,
agglomeration, on the other hand, was significantly reduced in human blood
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plasma due to the protective protein corona hindering interactions between TiO,
particles. In summary, the crystalline form of TiO, particles, the ionic strength of
the surrounding media, and the presence of proteins were the key factors that
influenced their behaviour in different environments. Cytotoxicity data
determined with NIH/3T3 cells demonstrated that the cytotoxicity depends on the
type of tested TiO, particles. The lowest cytotoxic effects were recorded for
Rutile 1 and the Anatase/Rutile mixture, which were cytotoxic at TiO;
concentrations of 4000 and 3500 png mL™, respectively. Anatase and Rutile 5,
which were cytotoxic at 1500 pg mL™?, exhibited higher cytotoxicity. This
understanding of TiO, behaviour in all the abovementioned environments is
critical when considering TiO, safety, particularly in light of the significant
impact of protein presence and size-related cytotoxicity.

Results of the study were summarized and published in “Behaviour of Titanium
Dioxide Particles in Artificial Body Fluids and Human Blood Plasma” by
Korabkova E., et al. International Journal of Molecular Sciences 2021, 22(19),
10614; https://doi.org/10.3390/ijms221910614.

8.4.2 Study on cCNC/TiO,-stabilized emulsions

Over the last century, there has been growing awareness of the risks associated
with excessive exposure to UV radiation. This increases the use of sunscreens
(also known as sunprotectants), which provide protection against sunburn, skin
aging, and melanoma due to their ability to absorb, reflect, and scatter UV
radiation [329,330].

Currently, commercial products are manufactured in the form of emulsions,
gels, aerosols and sticks using conventional organic and inorganic UV filters or
hybrid and botanical ingredients. However, the use of sunscreens has faced many
challenges, such as the occurrence of photoallergic dermatitis or environmental
pollution [330]. As a result, there is an increasing effort to develop sunscreens
with a favorable composition in terms of effectiveness, safety, and aesthetic
appeal [329]. Compared to organic UV filters, inorganic filters such as TiO;
a ZnO have significantly lower risk for developing photoallergic and allergic
reaction. For these reasons, TiO, and ZnO have been widely recommended as safe
and effective UV filters in sunscreens [331].

The current trend in this field is to reduce the number of ingredients in
sunscreens, which can be accomplished by using compounds that can perform
more than one function. Pickering emulsions may be of particular interest in this
regard. Because these emulsions are stabilized with solid particles instead of
traditional surfactants; particles can simultaneously function as both a stabilizer
and a functional component. The surfactant-free nature of Pickering emulsions,
therefore, reduces irritation potential of the product, and simultaneously increases
its environmental friendliness. However, only a few studies have focused on the
development sunscreen emulsions free of surfactants [99]. Moreover, due to
hydrophilic nature of TiO, particles, it is difficult to prepare commercially usable
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emulsions for cosmetic applications stabilized only by unmodified TiO, [109].
Since anatase is more photoactive than the rutile, [332], rutile or a mixture of rutile
and anatase is commonly used in cosmetic sunscreens [333]. In connection with
the use of TiO, for emulsion stabilization, scientific studies freequently use
hydrophobically modified TiO, nanoparticles or particles in combination with the
addition of another emulsion-forming substance.

Based on findings of the previous study (8.4.1), the goal of the second study
was to develop a surfactant-free sunscreen emulsion stabilized with nanocrystals
of pH-responsive carboxylated cellulose (cCNC) in combination with TiO;
particles (a mixture of Rutile/Anatase), which could provide an effective and safe
alternative to conventional sunscreens. The particle size, zeta potential, and phase
studies were used to investigate the effect of different emulsion composition,
preparation method, and pH on the stability of these O/W Pickering emulsions.

cCNC/TiOz2 dispersions

In order to investigate the behaviour of the combination of cCNC and TiO;
particles at different pH values, a preformulation study with cCNC and TiO,
dispersions was first performed according to the procedure described in 8.2.2. The
CcCNC obtained by oxidation with a strong oxidizing agent bears carboxyl groups
on the surface, which provide to particles a certain pH responsiveness.
Specifically, a high dispersion stability was observed at pH 6-10, however, the
stability with decreasing pH gradually decreased to a value of zeta potential close
to zero at pH 2 [83].

The principle of the combination of cCNC and TiO, for the successful
stabilization of emulsions using layer-by-layer (LbL) method was the use of the
opposite charge of cCNC and TiO; at a certain pH value. Therefore, based on the
pH dependence of the zeta potential of cCNC and TiO, particles and the
assumption of topical applications of the resulting product, the pH values of 3; 4;
4,5 and 5 were chosen for the preformulation study. The prepared dispersions
were visually observed after 24 hours of equilibration and the results
demonstrated formation of complex between cCNC and TiO, particles in
dispersions prepared at pH 3 (Fig. 24A). On the contrary, in all dispersions that
were not adjusted to pH 3, sedimentation of TiO, particles occurred without major
differences between cCNC:TiO, ratios (Fig. 24B-D). Based on the obtained
results, the next part of the study was focused on the preparation of Pickering
emulsions at pH 3 with LbL method.
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Figure 24 Dispersion of TiO, and cCNC complexes 24 hours after preparation,
A=pH3,B=pH4,C=pHA4.5, D=pH5.

Emulsions prepared at pH 3

e Effect of O/W and cCNC:TiO; ratio

In the next part of the study, the LbL method was used to prepare emulsions
with different O/W and cCNC:TiO; ratios at pH 3 (Tab. 7). The influence of the

O/W and the cCNC:TiO, ratios on the properties of emulsions was investigated
and composition resulting in the most stable emulsions was identified.

Table 7 Formulation of emulsions prepared by LbL method at pH = 3.
Total stabilizer content [%0] O/W ratio CCNC:TiO;
10/90 1:1; 3:2; 4.1
0.3 20/80 1:1; 3:2; 4:1
30/70 1:1; 3:2; 4:1

Droplet size of emulsions revealed differences between individual samples
(Fig. 25). The main factor influencing the size of the emulsion droplets was the
ratio of oil and water phase. On the day of preparation, the sizes of the droplets in
the emulsions with an O/W ratio of 10/90 and 20/80 were comparable for all
CCNC:TiO; ratios. The droplet size was always the largest for the O/W ratio 30/70
regardless of the cCNC:TiO; ratio. The droplet size increased with time for most
emulsions, with the biggest increase occurring one week after emulsion
preparation. On the other hand, the droplet sizes did not grow further after two
weeks for any of the emulsion samples. It is known that with insufficient
concentration of stabilizing particles, Pickering emulsions undergo limited
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coalescence and the droplets merge until their surface is sufficiently covered by
stabilizing particles. Above a certain threshold, however, the droplet size remains
nearly constant and the coalescence process is stopped [72,334]. Furthermore, the
size measurement of the emulsion droplets revealed that after two weeks of
preparation, the emulsion droplet size at the same O/W ratio reached a maximum
at cCNC:TiO; ratio of 1:1 and minimum at 4:1 ratio. This suggests that with
increasing amounts of cCNC in the emulsion, the size of the emulsion droplets
decreases, confirming that cCNCs have better stabilization capabilities than TiO,
particles.
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Figure 25 Size of emulsion droplets D[4,3], dependence on the O/W ratio (10/90,
20/80, 30/70) and the cCNC:TiO; ratio (1:1, 3:2, 4:1).

Zeta potential measurements revealed the highest absolute zeta potential
recorded on the day of preparation for emulsions with an O/W ratio of 30/70 for
all cCNC:TiO; ratios, (Fig. 26).
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Figure 26 Zeta potential of emulsions, dependence on the O/W ratio (10/90,
20/80, 30/70) and cCNC:TiO; ratio (1:1, 3:2, 4:1).

As regards phase studies, the most important indicator of the emulsion stability
Is their encapsulation efficiency (EE). The phase behaviour of emulsions showed
that the greatest release of oil occurred for emulsions with all O/W ratios at a
CCNC:TiO; ratio of 1:1 (EE values: 72-94 %) (Fig. 27A). The phase studies also
showed that creaming occurred for all emulsions (Fig. 27A, B), which was due to
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the density of used oil (p = 0.947 g/cm®). However, creaming did not always result
in emulsion breakdown.

Overall, the emulsion with the stabilizer content of 0.3 %, cCNC:TiO ratio of
4:1 and O/W 30/70 demonstrated good stability without any break-down process
observed.

10/90 20/80 30/70  10/90 20/80 30/70
1:1 4:1
Figure 27 Emulsions after two weeks of preparation. Red arrow indicates a visible
oil layer.

The experiments carried out in this part of the study confirmed the ability of
cCNC and TiO, particles to stabilize emulsions at a pH of 3. Considering the
results discussed above, emulsions prepared with cCNC:TiO; ratios of 3:2 and 4:1
showed both good ability to encapsulate oil and favorable stability over time.

Emulsions with the cCNC:TiO; ratio of 1:1 and emulsions with the O/W ratio
of 10/90 were excluded from further testing. The reason was their low
encapsulation potential and stability.

e Effect of the total content of stabilizers

Based on the observation of a limited coalescence for emulsions prepared with
0.3 % stabilizers, their two higher total amounts, namely 0.5 and 0.7 %, were
chosen for further experiments. The O/W and cCNC:TiO; ratios were same as in
previous study (O/W 20/80; 30/70 and cCNC:TiO, 3:2; 4:1). The goal was to
investigate the effect of the total content of stabilizers at the selected O/W and
CCNC:TiO, ratios on the properties and behaviour of emulsions prepared by the
LbL method.

When increasing the total amount of stabilizer (0.5 and 0.7 %), the limited
coalescence was restricted and the concentration of particles was sufficient to
stabilize emulsions. Correlation between droplet size and increasing content of
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particles was not, however, unambiguous (Fig. 28) and depended on several
variables. Emulsions with an O/W ratio of 20/80 prepared with 0.5 and 0.7 %
stabilizer and cCCNC:TiO; 4:1 proved that the higher cCNC content in mixture led
to smaller droplets compared to emulsions with a cCNC:TiO, ratio of 3:2.
However, at O/W 30/70 this trend was not preeserved.
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Figure 28 Size of emulsion droplets D[4,3], dependence on the total stabilizer
content (0.5; 0.7), cCNC:TiO; ratio (3:2, 4:1), and O/W ratio (20/80, 30/70).

Zeta potential measurements of emulsions containing 0.5 and 0.7 % of
stabilizer are given in Fig. 29. On the day of preparation, emulsions with an O/W
ratio 30/70 showed a more negative zeta potential at both cCNC:TiO; ratios than
20/80 emulsions. However, this effect was not observed with emulsions
containing 0.7 % of stabilizer.
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Figure 29 Zeta potential of emulsions, dependence on the total stabilizer content
(0.5; 0.7), cCNC:TiO; ratio (3:2, 4:1), and O/W ratio (20/80, 30/70).

Although it would seem that the higher the particle concentration, the better is
the stability of the emulsion, the phase behaviour revealed the opposite. The
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greatest oil release was observed in emulsions with the highest stabilizer content
of 0.7 % regardless of the cCNC:TiO, ratio (Fig. 30A), whereas the oil was
released less or not at all at stabilizer contents of 0.5 % (Fig. 30B). Within two
weeks, a creaming process was observed for all emulsions except the emulsion
with a 0.5 % stabilizer, a cCNC:TiO; ratio of 4:1 and an O/W ratio of 20/80, which
also showed no oil release and the El of 100 %. As a result, this formulation has
the potential to be used in practice.

0.7 % 0.5%
20/80 30/70 20/80 30/70 20/80 30/70 20/80 30/70
3:2 32 41 4:1 3:2 32 41 4:1

Figure 30 Emulsions with the total amount of cCNC/TiO;, 0.5 and 0.7 % after
a day of preparation.

The results of this part of the study revealed that increasing the total amount of
stabilizer to 0.7 % did not contribute to greater emulsion stability, but on the
contrary increased oil release. However, stable emulsions were prepared with
a 0.5 % of stabilizer.

e The influence of the preparation method

The next step in the research was to determine whether another emulsification
method could be used for the preparation of emulsions and how the method
affected the properties of Pickering emulsions. The conventional emulsification
(CE) method described in 8.2.2 was chosen in this study and compared with LbL
method. Based on the previous results, emulsions prepared by LbL and CE with
composition listed in the Tab. 8 were selected for this purpose.
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Table 8 Formulation of emulsions prepared by the conventional emulsification
and the layer-by-layer method.

Total stabilizer content [%0] O/W ratio cCNC:TiO: ratio
20/80 P
0.5 30/70 3:2;4:1

Measurement of the emulsion droplet size showed that, when compared to the
LbL method, the CE method produced larger droplets regardless of O/W ratio and
CCNC:TiO; (Fig. 31), which was likely due to the shorter sonication time used
(8.2.2). Interestingly, regardless of the preparation method used, the ratio of
CCNC:TiO; of 4:1 resulted in smaller emulsion droplets compared to samples
prepared with the 3:2 ratio at both studied O/W ratios of 20/80 and 30/70.
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Figure 31 Size of emulsion droplets D[4,3]; dependence on the preparation
method (CE, LbL), cCNC:TiO, ratio (3:2, 4:1), and O/W ratio (20/80, 30/70).

The study of the effect of emulsification method on the zeta potential did not
find any significant differences between the CE and LbL methods (Fig. 32).
However, it is worth noting that the zeta potential of the emulsions was close to
—30 mV on the day of preparation, at pH 3. As previously stated, the zeta potential
of TiO, particles at pH 3 was higher than +30 mV, while the potential of the cCNC
dispersion at pH 3 was around —20 mV. This implies that the overall charge of the
emulsion droplets is primarily determined by the cCNC particles.
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Figure 32 Influence of the preparation method (CE, LbL) on zeta potential of
emulsions, cCNC:TiO; ratio (3:2, 4:1) and O/W ratio (20/80, 30/70).

The conventional emulsification was shown to be effective for the preparation
of emulsions stabilized by combinations of cCNC and TiO, particles, with the
encapsulation efficiency of all emulsions prepared by this method being 100 %
for over a two-week period. Furthermore, greater creaming was observed in CE
samples than in the case of emulsions prepared by the LbL method, depending on
the formulation of individual emulsions.

The AFM method was used to investigate the morphology of emulsion droplets
prepared by CE and LbL. For this imaging, stable emulsions with a total stabilizer
content of 0.5 %, cCNC:TiO, ratio of 4.1 and O/W ratio of 20/80 were selected.
An image of the emulsion prepared by the CE method (Fig. 33A) showed the
presence of a steric barrier formed by a complex of cCNC/TiO; particles, whereas
the emulsion droplet prepared by the LbL method is covered by a much smaller
amount of cCCNC particles, despite the fact that the total cCNC concentration was

the same in both cases (Fig. 33B).
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Figure 33 AFM image of emulsion droplet with cCNC:TiO; ratio of 4:1 and O/W
ratio of 20/80 prepared by the CE method (A); and by the LbL method (B).
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The feasibility of preparing emulsions stabilized by cCNC and TiO;, particles
using the conventional emulsification method was successfully demonstrated in
this part of study. Despite the larger size of the emulsion droplets, the CE method
produced emulsions with good stability. This suggests that emulsion stability and
droplet size may not be directly correlated.

Emulsions prepared at pH 5

The aim of the study on cCNC/TiO,-stabilized emulsions was to prepare
Pickering emulsions suitable for topical use. Therefore, the emulsions prepared at
pH 3 were not suitable for this purpose. The reason is the pH value of the skin,
which on average reaches a value of 4.7 [335]. As a result, the research further
focused on finding optimal conditions for the preparing Pickering emulsions
stabilized by cCNC and TiO; particles at pH 5. As already mentioned, complexes
between cCNC and TiO, particles did not form at pH between 4-5 (Fig. 24).
However, according to studies published in [83,89], the addition of inorganic salts
increases the stability of Pickering emulsions. Therefore, the next step was to look
into the effect of added NaCl (CaCl,) on the formation of Pickering emulsions
stabilized by a combination of cCNC and TiO, at pH 5. The emulsions were
supplemented either with NaCl (27 mmol L) or CaCl, (3 mmol L) as given in
8.2.2. The emulsions with stabilizer content of 0.5 %, the cCNC:TiO, ratio of 4:1
and the O/W ratios of 20/80 and 30/70 were prepared by both CE and LbL
methods.

Although a complex of cCNC and TiO, in the presence of each of the salts in
dispersions was formed, it was not possible to prepare the emulsion with NaCl
using CE. However, the addition of CaCl, allowed preparing the emulsion at pH 5
with this method. Difference in NaCl and CacCl, efficacy can be caused either by
different valence (divalent vs. monovalent cations) or by greater affinity of cCNC
carboxyl groups to calcium cations [83].

As for the LbL method, in case of electrolyte addition after the second
sonication, sedimentation of TiO, particles occurred, regardless of the type of salt
used. Therefore, adding electrolyte at this stage of emulsion preparation was
unsatisfactory. Addition of electrolyte both before and after the first sonication,
however, led to the formation of relatively stable LbL emulsions, even in the
presence of NaCl. The addition of salts also acted as a modifier of viscosity, which
could contribute to increasing the stability of prepared emulsions.

The presence of electrolytes, whether NaCl or CaCl,, increased droplet sizes in
emulsions regardless of the preparation method. Moreover, irrespective of the
preparation method or electrolyte used, an O/W ratio of 30/70 always produced
larger droplets than O/W 20/80 (Fig. 34). Emulsions prepared by the LbL method
with CaCl, added before the first sonication showed larger droplets than
emulsions prepared with CaCl, added after the first sonication. This effect was
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not, however, observed in emulsions containing NaCl. Based on the data
acquiered, it is not possible to unequivocally say if the time of adding salt to the
emulsion affected the emulsion droplet sizes. The preparation method, on the
other hand, had a considerable impact on the size of the emulsion droplets. When
employing the CE approach, bigger emulsions droplets were formed, likely due
to the shorter sonication time or different mechanism of stabilization (Fig. 34).
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Figure 34 Size of emulsion droplets D[4,3], dependence of preparation method
(CE, LbL), O/W ratio (20/80 and 30/70) and the type of electrolyte used. Ratio
CCNC:TiO, was 4:1.

Zeta potential of all emulsions prepared at pH 5 was significantly lower
(Fig. 35) than that of emulsions prepared at pH 3 (Fig. 32), which is related to the
lower potential values of the cCNC and TiO; particles at pH 5. The zeta potential
was also influenced by the content of the oil in the emulsions. When the same
preparation method and electrolyte were employed, a higher amount of oil
(O/W 30/70) resulted in a higher zeta potential at all emulsions compared to
samples with O/W 20/80.
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Figure 35 Zeta potential of the emulsions prepared with cCNC:TiO; ratio of 4:1
and 0,5 % stabilizer. Dependence on the preparation method (CE, LbL), O/W
ratio of 20/80 and 30/70, and type of electrolyte used.

In a phase study, it was shown that the addition of electrolyte to the emulsions
significantly increased their stability at pH 5. Although for the monitored period
of two weeks there was no breakdown of the emulsions into the original phases,
oil release was observed for all prepared samples. However, the encapsulation
efficiency was of about 95 % in most emulsions (Fig. 36). The time of electrolyte
addition in the the LbL method is not essential for emulsion stability if it takes
place before the second sonication, because there was no significant difference
between the encapsulation efficiencies of the studied samples (Fig. 36).
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Figure 36 Comparison of encapsulation efficiency (EE) values for emulsions
prepared with cCNC:TiO; ratio of 4:1. Dependence on the preparation method
(CE, LbL), O/W ratio of 20/80 and 30/70, and type of electrolyte used.
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When observing the creaming process, the differences between individual
emulsions were greater (Fig. 37). Creaming was more apparent in emulsions
containing CaCl, than in emulsions containing NaCl. Moreover, adding NacCl
before the first sonication inhibited creaming in the emulsion for two weeks. In
the emulsions prepared with CE method, the creaming started already on the day
of preparation, while in the same emulsion prepared by the LbL method creaming
occurred a day after their preparing.
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Figure 37 Comparison of creaming index (Cl) of emulsions prepared with
cCNC:TiO; ratio of 4:1, dependenceof preparation method (CE, LbL), O/W ratio
(20/80 and 30/70), and type of electrolyte used.

This part of the study confirmed that emulsions stabilized by combination of
cCNC and TiO; particles can be prepared at pH 5 with the support of electrolytes
that promote complex formation between cCNC and TiO,. Using the CE method,
formation of emulsion was possible only with CaCl,. LbL method, on the other
hand, produced emulsions with both CaCl, and NaCl. The presence of electrolyte
was a decisive factor in the emulsification process. Stable emulsions were
obtained if the electrolyte was added before the second sonication. Regardless of
the preparation method, the presence of electrolyte in the emulsions resulted in a
size increase of the emulsion droplets and a reduction of the zeta potential.

Summary of the study

The study focuses on emulsions stabilized by carboxylated cellulose
nanocrystals (cCNC) in combination with titanium dioxide (TiO2) particles that
could be applied in UV protection.

The preformulation study confirmed the formation of complexes between
cCNC and TiO, particles at pH 3, which was a prerequisite for successful
preparation of emulsions using the layer by layer (LbL) method.

The effect of different cCNC:TiO, and O/W ratios on emulsion properties
revealed that with the increasing amount of cCNC in the emulsions, their stability
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improved. This suggests that cCNC particles were primarily involved in the
stabilization of the emulsions. The emulsions with the cCNC:TiO; ratio of 1:1 and
emulsions with the O/W ratio of 10/90 had the lowest encapsulation potential and
stability. As for the total stabilizer content, the results showed that limited
coalescence occurred at its 0.3 % content. When the amount of stabilizers
increased (0.5 and 0.7 %) and the concentrations of particles were sufficient for
emulsion stabilization. The release of oil, on the other hand, demonstrated that the
highest concentration of stabilizing particles (0.7 %) did not result in the
emulsions with best stability. The most stable and the most promising formulation
for potential use in practice was an emulsion with the 0.5 % stabilizer, cCNC:TiO,
ratio of 4:1 and the O/W ratio of 20/80. It was also demonstrated that, in addition
to the layer by layer (LbL) method, the conventional emulsification (CE) method
can be used for the preparation of stable emulsions under mentioned conditions.

The final goal of the study was to prepare emulsions at pH 5, which is favorable
for the topical applications. The results confirmed that at pH 5, emulsions
stabilized by cCNC and TiO, particles can be prepared only with the aid of
electrolytes. Although emulsions with the addition of CaCl, and NaCl could be
prepared using the LbL method, the CE method provided emulsions only with
CaCl,. The explanation may be the affinity of cCNC particles to calcium cations
and the effect of cation valence on the formation of effective stabilizing system.
The study thus resulted in the preparation of an effective and ecological emulsions
with possible uses in UV protection.

8.4.3 Study on conducting colloidal systems

Colloidal particles and Pickering emulsions

Polyaniline (PANI) is one of the most investigated members of the conducting
polymer (CP) family. Unfortunately, due to its stiff polymer backbone, PANI has
poor processability and lacks solubility in aqueous environments [251]. These two
shortcomings can be overcome by PANI synthesis in the presence of
water-soluble steric stabilizers, yielding colloidal PANI [131]. Many scientific
studies report on the synthesis of colloidal PANI in the presence of nanocellulose,
specifically CNC or CNF. A typical process for the synthesis of materials
combining PANI and nanocellulose includes the oxidative polymerization of
aniline in situ in the presence of CNC or CNF as stabilizers. For example,
PANI/CNC nanocomposites were prepared in two studies that both confirmed the
homogeneous polymerization of the monomer on the CNC surface [216,219].
A variety of studies have shown that CNF in combination with PANI can be used
to increase the stability of conducting nanocolloids [227,228,231,336]. Although
many studies on the synthesis of colloidal PANI in the presence of CNC or CNF
have been conducted, the composite particles based on these polymers have not
been used to prepare Pickering emulsions (PE). PE have have attracted attention
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due to their ability to improve immune response [337], which is associated with
their morphology providing a large specific surface area for cell interactions
[338]. Several studies have also focused on the preparation of PE for wound
healing applications [339,340]. In this process, free radicals and their scavenging
systems play an important role in the immune response [341]. In addition, it has
been found that electrical stimulation of the wound area can accelerate its healing
[342], which can be facilitated using CPs [343]. Thus, the use of substances with
free radical scavenging activity in combination with CPs in one systems, such as
PE, could enhance these applications.

The aim of this study was to investigate whether stable, bioactive PE could be
made of colloidal particles composed of conducting polymer PANI and
biocompatible cellulose nanoparticles (CNC or CNF). PE bioactivity was
assumed to be derived from these composite particles used for PE stabilization
and the encapsulated oil. Therefore, the PANI/CNC (or PANI/CNF) particles
were first prepared and characterized. The next step was to prepare PE from these
particles and an oil phase of undecane or caprylic/capric triacylglyceride. Finally,
extensive characterization of their biological properties were conducted, primarily
focusing on antioxidant activity in terms of immune response studies and
scavenging ROS. This work, therefore, fills a knowledge gap and adds novelty to
the field of PE.

e Colloidal particles

Particle size and morphology

The size distribution of PANI/CNC and PANI/CNF particles was measured by
DLS. In fact, DLS is not the best technique for determining the particle size
distribution of the samples investigated here, which contain rod-shaped CNC (or
fibre-like CNF) and PANI. This is due to the fact that DLS technique determines
particle diameters by considering all irregular or anisotropic shapes to be spheres
[344]. As a result, PANI/CNC and PANI/CNF sizes reported here are only
indicative and are supported by microscopy analyses.

DLS analysis revealed that the studied samples had large particle sizes
(Tab. 9). Considering the morphology of the CNC and CNF particles (Fig. 38),
a larger particle size was surprisingly measured for PANI/CNC both before and
after dialysis. Although the particles of the non-dialyzed PANI/CNF were also
relatively big, their sizes decreased after dialysis and were of approximately half
the size compared to dialysed PANI/CNC. This decrease in the size of PANI/CNF
colloidal particles after dialysis could be attributed to size changes in CNF fibres
under dialysis due to the removal of residual low-molecular weight salts and
reactants. The larger particle sizes of nanocellulose-based PANI colloids,
compared to other polysaccharide PANI colloids (hyaluronate or chitosan) [345],
are due to their more complex morphology and the formation of clusters, in which
the cellulose nanoparticles are interconnected PANI (Fig. 38).
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Table 9 Z-average particle diameter (z-average + SD) of PANI/CNC and
PANI/CNF colloidal particles.

Z-average [nm]

Before dialysis After dialysis
PANI/CNC 2983 +43 3163 + 26
PANI/CNF 2200 + 33 1214+ 18

Microscopic images of colloidal dispersions were captured using TEM
(Fig. 38). Images confirmed that after polymerization, clusters of CNC particles
interconnected by PANI chains formed, mainly in PANI/CNC colloidal particles
(Fig. 38). In the PANI/CNF sample, spherical PANI particles covering the CNF
fibers are visible (Fig. 38), whereas PANI/CNC displays mesh-like structure with
CNC clusters interconnected with PANI. As a result, the fibrous morphology of
CNF seems to offer a better substrate for the polymerization of polyaniline.

Figure 38 TEM images of CNC, CNF, PANI/CNC and PANI/CNF particles.

UV-vis analysis

The presence of PANI polymer in particles was confirmed by UV-vis spectra
(Fig. 39). The UV-vis absorption spectra of PANI/CNC and PANI/CNF showed
typical maxima at A ~361 and ~768 nm for PANI/CNC, and A ~390 and ~794 nm
for PANI/CNF. Stejskal and Sapurina [172] reported absorption maxima of
colloidal PANI stabilized with poly(N-vinylpyrrolidone) at A =392 and
A= 854 nm, which slightly differ from the maxima of the here-tested samples.
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The first absorption band is assigned a m—rt* transition of benzenoid ring, whereas
the second absorption band belongs to the m—polaron and polaron—=n transitions
[133]. The above characteristics of PANI/CNC and PANI/CNF hence confirm the
formation of PANI in the dispersions. The concentrations of PANI in colloids
were calculated using the procedure reported in [296]. Overall, a higher
concentration of PANI was present in PANI/CNF (5762 ug mL™), compared to
PANI/CNC (3676 ng mL™).
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Figure 39 UV-vis spectra of PANI/CNC and PANI/CNF colloids.
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Cytotoxicity

In order to investigate the cytotoxic effect of colloidal dispersions, murine
peritoneal macrophage RAW 264.7 cell lines were used. Cytotoxicity testing
revealed that PANI/CNC had no cytotoxic effects on macrophages (Fig. 40) even
at the lowest used 10% dilution, which corresponds to 368 ug PANI/mL. The
increased viability of cells on PANI/CNC is due to interference of the absorbance
of the released PANI into the culture medium. However, on the basis of
microscopic observation, no morphological differences from untreated cells were
observed. Thus, the PANI/CNC does not affect the viability of the used cells. On
the other hand, PANI/CNF was not toxic at 1% dilution, but at 2.5%
(144 pg PANI/mL) showed weak toxicity (viability of 66 %). The other dilutions
corresponding to a PANI concentration higher than 288 ng PANI/mL were toxic
(viability under 50 % compared to the reference) (Fig. 40).
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Figure 40 Cytotoxicity of PANI/CNC and PANI/CNF colloidal dispersions.
Dashed line corresponds to cytotoxicity limit (70% viability relativelly to
reference).

Antioxidant activity

The antioxidant activity of a sample plays an important role in reducing
immune response and the chemiluminescence signal. To exclude the direct
scavenging effects of the colloidal dispersions, their antioxidant properties were
measured in a luminol-HRP-H,0, cell-free system. Tests demonstated strong
antioxidant activity of both PANI/CNC and PANI/CNF, which were both able to
reduce the chemiluminescence signal below 5 % of the total signal produced by
the system itself (Fig. 41).
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Figure 41 The antioxidant activity of colloidal dispersions.

The oxidative burst (ROS production) of isolated neutrophils

In the next step, the effect of colloidal particles on the detectable amount of
ROS produced by neutrophils spontaneously and after their activation was tested.
The oxidative burst of neutrophils is primarily characterized by the production of
the superoxide anion radical, the first ROS produced by neutrophils upon their
contact with a variety of stimuli (e.g., opsonins, cytokines, fragments of bacterial
membranes, and others). Activation by yeast cell walls in the form of OZP is
evident in Fig. 42 (lower panel). OZP-activated neutrophils showed a dramatic
increase in ROS production compared to non-activated neutrophils.
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Data shown in Fig. 42 confirmed the ability of PANI/CNC to strongly reduce
ROS production in a concentration-dependent manner in both spontaneous and
OZP-stimulated neutrophils. The PANI/CNC dispersion diluted to 1 %
(37 ug PANI/mL) was able to decrease the signal below 50 % of control.
Dispersions diluted to 2.5 % (92 ug PANI/mL) then reduced the
chemiluminescence signal below 15 % of the control, while other dilutions
reduced the chemiluminescence signal to zero. As regards OZP-stimulated ROS,
the effect of PANI/CNC on their production was even stronger. At 1% dilution
the dispersions reduced the chemiluminescence signal to below 15 % of control,
while other tested dilutions decreased the signal to zero. Compared to PANI/CNC,
PANI/CNF reduced ROS production even strongly and again in
a concentration-dependent manner. Specifically, dilution of PANI/CNF to 1 %
(corresponding to 58 ug PANI/mL) was able to reduce the signal below 15 % of
the control, while the other concentrations lowered the chemiluminescence signal
to zero. In addition, PANI/CNF showed an even stronger effect in the scavenging
of ROS stimulated by OZP activated neutrophils, with all dilutions tested reducing
the signal to zero or close to zero. Given the antioxidant activity of the tested
colloidal dispersions (Fig. 41), the reduction of ROS production is probably

related to ROS scavenging activity.
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Figure 42 The effect of colloidal dispersions on spontaneous ROS production and
on OZP-activated ROS production by neutrophils.

Nitric oxide (NO) and interleukin 6 (IL-6) production from murine macrophages

The activation of macrophages, for example by bacteria or their parts, such as
LPS, triggers the production of pro-inflammatory compounds including, for
example, cytokines, chemokines, and NO. These experiments focused on NO and
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IL-6 production, two important pro-inflammatory signaling molecules of
macrophages.

The results demonstrate that NO production (level nitrite in medium) was
significantly decreased in a concentration-dependent manner by both PANI/CNC
and PANI/CNF. On the basis of the results of PANI/CNF cytotoxicity testing, it
can be assumed that lower concentrations of this sample reduce NO production
directly. A higher cytotoxic effect was involved in this reduction at higher
concentrations of the dispersions. (Fig. 43). Similarly to the reduction of NO,
both PANI/CNC and PANI/CNF decreased IL-6 production. The reduction was
also dependent on the dispersion concentration/dilution.
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Figure 43 The effect of colloidal dispersions on NO and IL-6 production of
RAW264.7 macrophages.

Antibacterial activity

The results showed that the PANI-containing dispersion were able to inhibit
growth of both gram positive and gram negative bacteria. Despite having a lower
concentration of PANI polymer (3676 ug/mL), PANI/CNC had higher activity
against both strains than PANI/CNF with a PANI concentration of 5762 pg/mL.
Here, it can be speculated that PANI polymer is more accesible for antibacterial
action in PANI/CNC particles than in PANI/CNF, where it can be hidden in the
entangled CNF fibres. PANI/CNC had a lower MIC value against gram negative
E. coli (1.7 ug/mL PANI in dispersion) than against gram positive S. aureus
(3.4 ug/mL PANI in dispersion), which was also observed for colloidal PANI
particles stabilized with chitosan and sodium hyaluronate [345]. In the PANI/CNF
sample, the effects against both strains were similar with MIC detected at a PANI
concentration of 8.3 ug/mL. Given the low antibacterial activity of colloidal
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PANI containing poly(N-vinnylpyrrolidone) reported by [191], the incorporation
of cellulose nanoparticles, whether CNC or CNF, significantly altered the
antibacterial efficacy of the here-examined samples.

e Pickering emulsions

Particle size, morphology and stability

PANI/CNC or PANI/CNF particles were used to stabilize Pickering emulsions
with 20 % undecane (U) or caprylic/capric triglyceride (T). The size of
E-PANI/CNCT droplets was 2985 + 6 nm (PDI of 0.15 =+ 0.05). Thus, there was
only a minimum increase in the size of emulsion droplets in comparison with the
PANI/CNC particles. This is likely caused by the effect of sonication, which
destroys the mesh-like structure of the PANI/CNC particles used to stabilize
emulsions, reducing their size and allowing them to form emulsion droplets.
Emulsions stabilized with the same particle type containing undecane
(E-PANI/CNCVY) revealed droplets larger than 3000 nm
(3399 + 51, PDI = 0.15 £ 0.11). Because the emulsion droplets were too large for
DLS measurements and unsuitable for measurements by laser diffraction (PANI
in emulsions could cover the measuring cell of the instrument with a green film),
the droplet sizes of emulsions stabilized with PANI/CNF were determined using
microscopy combinrd with image analysis. Average size of E-PANI/CNFY
droplets was of 33 um, with range from 6.5 to 81 pm, and E-PANI/CNFT droplets
were smaller, with an average size of 19 um ranging from 4.7 to 30 um.

All prepared Pickering emulsions demonstrated excellent encapsulation
efficiency, with no evidence of oiling-off in the samples after storage at room
temperature. However, creaming, a process caused by the different densities of
the oil and water phases, was clearly demonstrated (Fig. 44). This figure also
shows how the concentration of stabilizing particles affected creaming in
PANI/CNF-based emulsions. Creaming was lower in emulsions stabilized with
PANI/CNF at 50 % initial concentration than in emulsions prepared with
dispersions diluted to 30 %. Nevertheless, all emulsions could easily be
re-dispersed by soft shaking, showing that creaming in the studied emulsions did
not indicate a loss of their stability [61]. However, dilution of the initial
PANI/CNF dispersion was critical because emulsions prepared with undiluted
dispersion were unstable. PANI/CNC-based emulsions were stable in terms of
encapsulation efficiency and creaming even after two years of storage at room
temperature.
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Figure 44 Creaming of Pickering emulsions with undecane (U) and
caprylic/capric triglyceride (T) oils stabilized with PANI/CNF: E-PANI/CNF™?;
E-PANI/CNF™?; E-PANI/CNFY*%; E-PANI/CNFY*° after preparation.

The appearance and morphology of emulsion droplets were investigated using
confocal laser scanning microscopy (CLSM), (Fig. 45). Undecane produced
emulsions with larger droplets than caprylic/capric triglyceride oil, regardless of
the type of PANI/cellulose stabilizer used. These variances may be due to
differences in physicochemical properties of the oils, such as density, polarity, or
viscosity. Furthermore, images of PANI/CNF-stabilized emulsions revealed the
presence of residual CNF fibers adsorbed around the emulsion droplets, providing
additional stabilization.
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Figure 45 CLSM images of O/W Pickering emulsions with 20 % caprylic/capric
triglyceride (T) and undecane (U).

Cytotoxicity

As mentioned previously, PANI/CNC dispersions were not cytotoxic, whereas
PANI/CNF showed significant toxicity at dilutions higher than 2.5 % (Fig. 40).
According to [346], undecane was among the major hydrocarbons associated with
high cytotoxicity in human epidermal keratinocytes. Triglycerides, on the other
hand, show very low levels of toxicity in laboratory animals and humans after
oral, parenteral or dermal administration [347]. These differences in oil
cytotoxicities are reflected by the results presented in Fig. 46, revealing that
triglyceride-based E-PANI/CNCT had no cytotoxic effects on macrophages,
whilst E-PANI/CNCY with undecane showed strong cytotoxicity at all
concentrations tested. The results also show that cytotoxicity was higher in
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undecane-containing emulsions stabilized with PANI/CNC than in emulsions
stabilized with PANI/CNF. This could be due to the formation of a thicker, more
impermeable PANI/CNF layer protecting the oil droplets from undecane leakage.
Nevertheless, the cytotoxicity of PANI/CNF-stabilized emulsions with
triclyceride was higher than that of PANI/CNC emulsions and was dependent on
the sample concentration used for testing.

The cytotoxicity of the PANI/CNC dispersion (Fig. 40) and corresponding
emulsions (Fig. 46) revealed that the triglyceride oil had no cytotoxic effects on
macrophages, but undecane significantly reduced their viability, and the samples
were cytotoxic at all tested concentrations. As a result, PANI/CNC colloids
retained their properties when used as emulsion stabilizers. Similar conclusions
can be drawn for PANI/CNF dispersions and their emulsions. Dispersions were
cytotoxic at 2.5 % dilution (144 pg/mL PANI) and emulsions prepared with
non-harmful triglyceride oil exhibited cytotoxicity at a dilution of 5%
corresponding to 115 pg/mL PANI. However, emulsions with undecane prepared
with the same concentration of PANI/CNF showed severe cytotoxicity with a cell
viability of only 5 %.
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Figure 46 Cytotoxicity of Pickering emulsions expressed as cell viability of
murine macrophage RAW 264.7 cells. Dashed line corresponds to cytotoxicity
limit (70% viability relativelly to reference).
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Antioxidant activity

Correspondingly to the strong antioxidation activity of PANI/CNC dispersions,
the results demonstrated the strong antioxidation activity of emulsions prepared
with these particles — specifically, E-PANI/CNCT and E-PANI/CNCV (Fig. 47).
All tested concentrations were able to reduce the chemiluminescence signal to
below 5% of the total signal produced by the system itself. As regards
PANI/CNF-based emulsions, at 1% dilution, E-PANI/CNF™ and
E-PANI/CNFY° reduced the chemiluminescence signal to approximately 10 to
15 % of control. The other concentrations reduced the chemiluminescence signal
to below 5% of control.
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Figure 47 The antioxidant activity of Pickering emulsions.

The oxidative burst (ROS production) of isolated neutrophils

As can be seen in Fig. 48, E-PANI/CNCT and E-PANI/CNCVY in 1% dilution
were able to reduce the chemiluminescence signal to below 50 % of control, while
the 2.5% dilution reduced the chemiluminescence signal to below 15 % of control
(without emulsions), and other samples reduced the chemiluminescence signal to
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zero, evidencing thus the ability of both emulsions to reduce spontaneously
produced ROS. The efficacy of both samples was even higher as regards their
ability to scavenge OZP-stimulated ROS production. Specifically, emulsions at
1% dilution reduced the chemiluminescence signal to below 15 % of control,
while other tested concentrations reduced the signal to zero (Fig. 48). The
chemiluminescence signal was reduced more by the PE stabilized with
PANI/CNF at 50 % dilution (E-PANI/CNF™° and E-PANI/CNFY*%) than by the
emulsions prepared with PANI/CNF diluted to 30 % (E-PANI/CNF™° and
E-PANI/CNFY%°), most likely because the former two samples contained a higher
concentration of PANI polymer (Fig. 48). For OZP-stimulated ROS production,
a stronger effect for samples with undecane was observed (Fig. 48). Given the
antioxidant activity of all the tested samples (Fig. 47), this effect is apparently
related to ROS scavenging activity.
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Figure 48 The effect of Pickering emulsions on spontaneous ROS production and
on OZP-activated ROS production by neutrophils.
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Nitric oxide (NO) and interleukin 6 (IL-6) production from murine macrophages

The ability of PE to influence IL-6 production differed and depended on
emulsion composition, mainly on the type of oil. Whilst triglyceride-based
E-PANI/CNCT did not appear to decrease IL-6 production, the effect of emulsions
prepared with PANI/CNF particles (E-PANI/CNF) was opposite and
a concentration-dependent decrease in IL-6 generation was observed, as seen in
Fig. 49 and 50. Pickering emulsions prepared with undecane, however, behaved
differently and all tested samples of E-PANI/CNCV reduced IL-6 production to
below 5 % of control, which is associated with their cytotoxicity (Fig. 46). On the
other hand, undecane emulsions with CNF (E-PANI/CNFY%%) decreased the
production of IL-6 in concentration-dependent manner. Correspondingly, the
studied emulsions were able to reduce the production of NO in a dose-dependent
manner, as can be seen in Fig. 49 and 50.
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Figure 49 The effect of Pickering emulsions with PANI/CNC particles on NO
production of RAW264.7 macrophages.
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Figure 50 The effect of Pickering emulsions with PANI/CNF particles on NO
production of RAW264.7 macrophages.

Summary of the study

The oxidative polymerization of aniline with ammonium persulfate in the
presence of each of the mentioned cellulose particles resulted in composite
particles (PANI/CNC and PANI/CNF) containing conducting polyaniline (PANI)
and cellulose nanocrystals (CNC) or nanofibers (CNF). Testing of the biological
properties of the particles provided information on their cytotoxicity and
antioxidation activity, and demonstrated their immunomodulatory effect on
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macrophages. The detection of anti-inflammatory activity was crucial in this case.
The study further revealed that PANI/CNC composite had better antibacterial
activity against the two most common model microorganisms S. aureus and E.
coli.

In the next step, Pickering emulsions containing 20 % undecane or an equal
amount of capric/caprylic triglyceride oil were successfully formulated using
PANI/CNC or PANI/CNF. The biological activity of the particles used to
stabilize the emulsions was preserved in these systems, whereas the
physico-chemical and biological properties of the emulsions were determined by
the properties of the particles used for stabilization and the type of oil in
emulsions.

In conclusion, these systems demonstrated strong antioxidant and ROS
scavenging activity, indicating their potential use in biomedical applications,
particularly wound healing.

Thin PANI/celulose films

One of the unique properties of colloidal PANI dispersions is their ability to
form thin films and coatings on all surfaces that are immersed in the reaction
mixture. In this regard, PANI/CNC and PANI/CNF dispersions are not
exceptions.

Several papers deal with the preparation of cellulose-PANI conducting
materials using in situ chemical polymerization [238,348-355] or interfacial
polymerization [356]. Liu et al. created thin CNC-PANI composite films by
polymerizing aniline hydrochloride (AH) with ammonium peroxydisulfate (APS)
in aqueous nanocellulose suspension. The reaction resulted in PANI particles
formed on the surface of cellulose. The composite films displayed good flexibility
and conductivity, the latter growing with increasing PANI content [357].
Similarly, Nepomuceno et al. [358] prepared flexible nanostructured materials
based on CNC-PANI. The study [359] confirmed the homogenous polymerization
of aniline on the surface of CNC, and formation of CNC-PANI nanocomposites
have been also reported by [360-366]. Also coating of cellulose nanofibers (CNF)
with PANI has been conducted with the aid of different procedures including in
situ oxidative polymerization [230,367-373].

Despite the recent advances mentioned above, the biological properties of
nanocellulose-PANI composites have received little attention. Therefore, the aim
of this study was to investigate whether two different types of thin conducting
composite films based on PANI and cellulose nanocrystals (CNC) or cellulose
nanofibers (CNF) could serve as a suitable substrate for cells. The novelty of the
study stems not only from a unique comparison of two types of nanocelluloses
used in the preparation of composite films under the same conditions using in situ
oxidative polymerization method, but also in the thorough physicochemical and
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biological characterization that contributes to a deeper understanding of cell
behaviour on these surfaces.

Morphology

When considering materials suitable for biomedical applications, the surface
morphology of the material is an important characteristic influencing cellular
behaviour. Therefore, the surface topography and surface electrical properties of
the films were determined using AFM. The topography of the PANI/CNC and
PANI/CNF films was significantly different compared to the pristine PANI
(Fig. 51). The PANI film without cellulose nanoparticles showed a typical
granular surface and a noticeably higher surface roughness (Sa ~ 100 nm).
Despite having comparable thicknesses (21 and 25 nm), the two composite films
showed different properties. The film of PANI/CNC exhibited rough structure
with needle-like structures of celluloses visible on the surface. These structures
are typical for cellulose nanocrystals, and the image thus confirms that the CNC
was incorporated into the PANI composite film. Moreover, the structures are well
connected to one another, which indicate the existence of strong hydrogen
bonding [357]. On the other hand, the PANI/CNF film contained fibre aggregates
rather than the long nanofibers typical of CNFs without PANI. Regarding the
electrical properties of the composites, the results from AFM showed that
PANI/CNF exhibited considerably higher surface conductivity than PANI/CNC,
which is in good agreement with the conductivities obtained with the van der
Pauw method.
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Figure 51 AFM images of PANI reference film and composite films of PANI/CNC
and PANI/CNF. Top images show height changes, below TUNA current maps.
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Surface energy

The measurement of surface energy revealed that the values of the total surface
energy (y*°") of PANI/CNC corresponded to that of PANI film determined earlier
[374] (Tab. 10). In addition, the PANI/CNC sample showed almost the same
values of the surface energy components representing both disperse (y-) and
polar (y*B) parts as reference PANI without cellulose nanoparticles. This may
indicate that the properties of PANI predominated and affected the surface
characteristics of PANI/CNC composite film. Compared to these two samples,
the total surface energy (y') and disperse (y-'V) part of PANI/CNF were slightly
higher. In contrast, polar (y*8) part of PANI/CNF was the lowest of all surfaces.
Interestingly, surface energy values y™' obtained for the cell monolayer of
NIH/3T3 cells [286] were close to the reported PANI/CNC and PANI/CNF
values, which could indicate suitable biological properties of such surfaces.

Table 10 Contact angles together with total surface energy (y*) and it’s disperse
™) and polar (y*®) parts determined on tested PANI, PANI/CNC, and
PANI/CNF surfaces.

S Contact angles (°) Free surface
ample 1
energy (MmN m™)
Water Ethylene Diiodomethane yT©T W yAB

glycol

PANI* n.r. n.r. n.r. 525 46.1 6.5
PANI/CNC  51.3+2.0 30.1+0.9 20.5+0.8 527 476 5.1
PANI/CNF  408+12 95+1.3 43+3.0 548 50.7 4.2

* The values adopted from [374]; n.r. not reported

Conductivity

The conductivity is considered as important cell-instructive characteristic in
biomedical applications. The virgin PANI films commonly show conductivity
values within units of S cm™ [172] depending on the conditions of polymer
synthesis and dopant used. In here presented study, the conductivities of
PANI/CNC and PANI/CNF composite films differed from each other with the
higher PANI/CNF conductivity of 4.7 S cm™1, close to of the virgin PANI film
(5.5£0.7 S cm™1) [288]. In contrast, the PANI/CNC film displayed a significantly
lower conductivity of 0.1 S cm~ . Assuming almost identical thicknesses of
PANI/CNC and PANI/CNF films determined by AFM (S, values in Fig. 51), the
differences in the conductivity of PANI/CNF and PANI/CNC films can be
attributed mainly to the different morphology of the CNC and CNF particles. In
comparison to small needle-like CNC, long CNF fibres can provide superior
support for growth of conducting PANI. In addition, the concentrations of CNC
(1 %) and CNF (0.06 %) used in the samples can explain this difference. Despite
the presence of nanocellulose, the results demonstrated that the composite films
retained good electrical conductivity.
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Antioxidant activity

The DPPH assay was used to determine the in vitro antioxidant activity of the
films. The ability of polyaniline and its composites to act as antioxidants has
previously been confirmed by published studies [375-378]. Also this work
showed that PANI/CNC and PANI/CNF films are effective scavengers of DPPH
radicals. Moreover, the analyses revealed that the activity of the samples did not
differ significantly, with both samples demonstrating similar scavenging activity
of about 50 % in 10 min.

Cell proliferation

The cell proliferation on tested surfaces is crucial for their use in biomedical
materials. The results of cell proliferation on the composite films are presented
in Fig. 52. The micrographs clearly show that the cells reached
semi-confluence on the tissue polystyrene culture dishes used as a reference
(Fig. 52a). Interestingly, the proliferation of NIH/3T3 cell line on the composite
films was fully comparable to the reference (Fig. 52b, c), which indicates
properties favourable for cell growth. Also proliferation of cells on virgin PANI
film reported in [286] was comparable to that on the tissue polystyrene culture
dishes. Therefore, the presence of CNC or CNF in the composite films does not
affect the cell proliferation, confirming absence of their in vitro cytotoxicity.

Figure 52 Proliferation of NIH/3T3 cells on studied films recorded after 48 h
cultivation: a) Reference — tissue polystyrene culture dishes; b) PANI/CNC,;
c) PANI/CNF.

Antibacterial activity

It is well known that nanocellulose itself has no antimicrobial properties [379].
To achieve antimicrobial activity, surface functionalization of nanocellulose with
suitable antibacterial agent is required, which allows a wide application rage of
such composites as an antimicrobial materials [380]. On the other hand, the
antibacterial activity of PANI has already been demonstrated both in films [381]
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and colloidal particles [345]. It is therefore expected that the antibacterial effect
of the composites will be caused primarily by PANI present in the composite film.

According to the protocol used for antibacterial testing, an antibacterial agent
Is considered effective if its antimicrobial activity R > 1. The antibacterial
properties were assesed using EN 1SO 20743:2021. The criteria for antibacterial
efficacy (R) given at the standard are following: R < 2 corresponds to a low level
of efficacy, 2< R <3 a significant level of efficacy, and R > 3 a strong level of
efficacy. Results in Tab. 11 reveal that both PANI/CNC and PANI/CNF have low
antibacterial activity against both gram positive Staphylococcus aureus and gram
negative Escherichia coli bacterial strains. The results further demonstrate
somewhat higher efficacy of both composites against E. coli.

Table 11 Number of viable bacteria N and antibacterial activity R of PANI/CNC
and PANI/CNF composite films.

Antimicrobial activity R

Sample S. aureus E. Coli
PANI/CNC 1.26 1.30
PANI/CNF 1.26 1.30

Summary of the study

Electrically conducting nanocellulose-based polyaniline (PANI) composite
films were prepared by in-situ oxidative polymerization of aniline hydrochloride
in aqueous nanocellulose suspension (CNC or CNF) by using APS as oxidant.
The PANI/CNC and PANI/CNF composite films displayed good conductivity,
which was higher for the PANI/CNF (4.7 S cm~1). The surface topography of the
films was controlled by the type of cellulose nanoparticles present in the sample,
and the thicknesses of both films were comparable. The surface energy values
were not significantly different and were similar to the surface energy od cell
monolayer of NIH/3T3 cells, indicating that both films had favourable biological
properties. The composites also demonstrated in vitro antioxidation activity as
determined via scavenging of DPPH radicals and mild antibacterial efficiency
against gram positive Staphylococcus aureus and gramnegative Escherichia coli.
Biological testing demonstrated that both PANI/CNC and PANI/CNF have
exellent cytocompatibility, comparable to tissue polystyren. The presence of
cellulose in the films have no effect on cell proliferation. As a result, the
biocompatible nanocellulose-based composites formed may be promising
materials for use in biomedicine.
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9. CONCLUDING SUMMARY

Nanocellulose is a well-known material used, among others, as a stabilizer in
a variety of colloidal dispersions. The use of nano-structured cellulose to stabilize
colloids is a promising concept providing more minimalist and environmentally
friendly formulations in a wide range of indistrial applications.

The thesis is focused on the investigation of colloidal dispersions based on
cellulose nanoparticles. This includes research into classical dispersions based on
cellulose nanoparticles and TiO, for cosmetic applications, as well as conducting
polyaniline-nanocellulose systems for biomedical applications. Based on the
defined objectives of the thesis, the results can be divided into three areas:
1) investigate and description of the behaviour of TiO, particles under simulated
and in vitro conditions before incorporating them into Pickering emulsions;
2) development Pickering emulsions stabilized by a combination of TiO, and
cellulose nanoparticles for skin photoprotection applications; and 3) confirmation
of the ability of various cellulose nanoparticles to stabilize conducting PANI in
colloidal form and use these dispersions to prepare thin films and Pickering
emulsions for potential biomedical applications.

The first part of the thesis was a preliminary investigations into the behaviour
of various forms of TiO; particles (rutile, anatase, and their commercial mixture)
prior to their incorporation into Pickering emulsions. The behaviour of the
particles was studied in media used for biocompatibility testing (PBS and
DMEM), simulated body fluids (saliva, gastric and intestinal fluids) and human
blood plasma. These media mimicked the in vivo conditions that occur after oral
and dermal exposure of TiO,. Monitoring the time-dependent agglomeration of
TiO; particles in the aforementioned media revealed a strong dependence of
crystalline form of TiO, ionic strength of the media, and presence of proteins on
the TiO, behavior. The electrolytes present in PBS, serum-free DMEM and saliva
caused TiO; agglomeration, which is related to the screening of the surface charge
of the particles. On the contrary, the presence of calf serum in DMEM as well as
presence of proteins in blood plasma significantly reduced agglomeration due to
the formation of a protective protein corona around the particles. Unlike the
previously mentiond protective effect of protein corona, the enzymes pepsin and
pancreatin triggered considerable agglomeration of TiO, particles in SGF and
SIF. Cytotoxicity of TiO, was found to depend on the crystalline type of TiO,
particles tested. The findings contributed to a better understanding of the
behaviour of TiO,-based composites under simulated in vivo conditions.

The second follow-up study focused on the formulation and characterization
of Pickering oil-in-water emulsions stabilized with pH-responsive carboxylated
cellulose nanocrystals (cCNC) in combination with TiO; particles, which could
serve as platforms for skin photoprotection. The study revealed that Pickering
emulsions stabilized by the combination of cCNC and TiO, particles can be
prepared at pH 3 due to the formation of cCNC-TiO, complexes at this pH.

97



Moreover, it was also demonstrated that, in addition to the layer by layer (LbL)
method, the conventional emulsification (CE) method can also be used for the
preparation of stable emulsions. Furthermore, emulsions with these particles can
be formed at pH 5 when electrolytes (CaCl, and NaCl) are added. Although LbL
method could produce emulsions with CaCl, and NaCl, the CE method only
produced emulsions with CaCl,. The study resulted in the preparation of
an effective and ecological product with possible application in UV protection.

The last part of this thesis concentrated on the development of three polyaniline
conducting systems based on cellulose nanoparticles, nanocrystals (CNC) and
nanofibers (CNF). The initial step involved synthesis and characterization of
PANI colloidal particles via oxidative polymerization of aniline hydrochloride in
the presence of CNC or CNF. The created composite particles (PANI/CNC and
PANI/CNF) showed interesting biological properties in terms of
immunomodulatory effect on macrophages, opening up new avenues for their
potential biomedical applications. The prepared composite particles (PANI/CNC
or PANI/CNF) were then used to formulate novel Pickering emulsions containing
20 % undecane or an equal amount of capric/caprylic triglyceride oil. The results
demonstrated that the biological activity of the composite particles was
maintained even in emulsions containing mentioned oils. The physico-chemical
properties of the emulsions were influenced by the stabilizing particles
(PANI/CNC or PANI/CNF) and the type of oil. The samples also demonstrated
high antioxidant activity, implying their potential applications in wound healing.
Finaly, conducting thin composite films based on PAN/CNC and PANI/CNF
colloidal particles were prepared via the in-situ dispersion polymerization. The
conductivity of the resulting eco-friendly composite films was 0.1 and
47 S cm™ for PANI/CNC and PANI/CNF films, respectively. The surface
properties revealed indicated suitable biological properties of both composites.
The composite films demonstrated low antibacterial efficacy against both gram
positive and gram negative bacteria, as well as in vitro antioxidation activity. The
testing of biological properties demonstarted that the presence of CNC or CNF in
the films has no effect on cell proliferation, making them suitable candidates for
biomedical fields, particularly in tissue engineering.
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10. CONTRIBUTION TO SCIENCE AND PRACTICE

The stability of colloidal systems is a fundamental prerequisite for their use. In
this context, one of the key areas of colloid research is the development of new
colloid stabilizers. The increasing application of renewable, biodegradable, green
materials, which is in the focus of this thesis, has attracted global interest in the
drive towards sustainable development. As a result, the thesis deals with the
particle-based stabilizers obtained from celluose (CNC and CNF) and their ability
to stabilize different types of dispersions and systems derived from them. The
most important contributions of the doctoral thesis to science and practice are
outlined in the following points:

A novel eco-friendly system for UV protection with potential applications in
cosmetic practice has been created. Surfactant-free emulsions with sunscreen
properties were prepared by combining pH-responsive carboxylated cellulose
nanocrystals (cCCNC) with TiO; particles. The study demonstrated that Pickering
emulsions stabilized by cCNC and TiO, particles can be prepared in two ways:
layer by layer and conventional emulsification. The study contributed to better
understanding of of the factors that influence emulsion formation and stability,
which is crucial for their practical applications.

The formulation of these emulsions was only possible thanks to a thorough
understanding of the TiO, properties gained within the thesis. The study of TiO,
behaviour in media used for biocopmatibility testing, simulated body fluids, and
human blood plasma revealed a significant impact of the media, mainly the
presence of proteins on particle agglometarion. Here, the crystalline form of TiO,
particles, in combination with composition of media, play important role. The
form of TiO, particles also had significant impact on cytotoxicity. The findings
of this study are decisive when considering the safety of TiO, in connection with
oral and dermal exposure, which is freequent in cosmetics.

The next study included in the thesis significantly contributed to existing
knowledge on systems that utilize cellulose combined with conducting
polyaniline (PANI). Colloidal PANI dispersions prepared by dispersion
polymerization in the presence of cellulose nanocrystals (CNC) or nanofibers
(CNF) yielded PANI/CNC and PANI/CNF composites with promising biological
properties, including antibacterial and antioxidation activity, as well as
immunomodulatory effect on macrophages.

Novel Pickering emulsions containing undecane or capric/caprylic triglyceride
oil were successfully formulated using the composite particles synthetized in the
previous step. The work confirmed that the biological activity of the particles that
stabilized the emulsions was preserved, and that the used oil (capric/caprylic
triglyceride) introduced additional benefits to these systems. This approach is
interesting for the application of such systems in biomedicine, particularly in the
area of wound healing.
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Finally, PANI/CNC and PANI/CNF colloids were used to fabricate conducting
composite films via the in-situ dispersion polymerization. The films exhibited
conductivity and antioxidation activity, both of which are essential for tissue
engineering of electrically conducting tissues (cardiac, nerve). The biological
tests showed that the films were not cytotoxic, and allowed cell proliferation
comparable to the reference. Overall, this research provided a deeper
understanding of the various conducting cellulose-based systems of new
generation with interesting tunable properties that can be used in a variety of
applications.
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