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ABSTRAKT

Tato diplomova prace se zaméfuje na syntézu, charakterizaci a biologické hodnoceni
koloidnich castic sloZzenych z polypyrrolu a chitooligosacharidii s rtiznou délkou fetézce.
Castice byly pfipraveny bez pouziti oxida¢niho ¢inidla, v souladu se zasadami zelené
chemie, pficemz funkéni skupiny biopolymeru slouzily jako stabilizatory a katalyzatory
tvorby polypyrrolu. Byly pfipraveny ¢tyfi vzorky na bazi chitooligosacharidii (nonamer,

oktamer, pentamer, dimer), které¢ byly nasledn¢ analyzovany.

Koloidy byly charakterizovany pomoci metody dynamického rozptylu svétla (DLS), ktera
ukézala, ze delsi fetézce chitooligosacharidii vedly k stabilnéjsim koloidim s niz$im
indexem polydisperzity a vys$§im zeta potencialem. UV/VIS spektroskopie potvrdila Gspésné
zakomponovani polypyrrolu do vSech vzorki, s charakteristickymi absorpénimi maximy

okolo 290 nm a 480 nm.

Cytokompatibilita byla vyhodnocena pomoci MTT testu na fibroblastech NIH/3T3 a
makrofazich RAW 264.7. Vzorky snonamerem a oktamerem vykazovaly vysokou
bunéénou viabilitu, zatimco vzorek s pentamerem vykazoval koncentraéné zavislou
cytotoxicitu. Dimer byl vyrazné cytotoxicky, zejména pro makrofagy. Imunomodula¢ni
ucinky byly zkoumdany prosttednictvim produkce oxidu dusnatého (NO) pomoci Griessova
¢inidla a stanoveni interleukinu-6 (IL-6) metodou ELISA u lipopolysacharidem (LPS)
stimulovanych makrofagl. Vzorky OCH9 ppy a OCHS8 ppy vedly k vyraznému potlaceni
zanétlivé odpovédi, zatimco OCHS ppy a OCH2 ppy vykazovaly mirnéjs$i Ucinky,

pravdépodobné v dasledku jejich nizsi stability a cytotoxického ucinku.

Vysledky této prace ukazuji, Zze délka fetézce chitooligosacharidi hraje zdsadni roli pii
ovlivnéni stability koloidii, biokompatibility a imunologické odpovédi. Vzorky s delSimi
tetézci byly vyhodnoceny jako nejvhodnégjsi pro dalsi aplikace v biomedicing, napt. hojeni

ran, cilené dodévani 1é¢iv nebo tkanove inzenyrstvi.

Klic¢ova slova: koloidni ¢astice, polypyrrol, chitooligosacharidy, dynamicky rozptyl svétla,

biokompatibilita, imunomodulace



ABSTRACT

This thesis focuses on the synthesis, characterization, and biological evaluation of colloidal
particles composed of polypyrrole and chitooligosaccharides of varying chain lengths. The
particles were prepared using an oxidant-free method, in line with the principles of green
chemistry, where the functional groups of the biopolymers acted as both stabilizers and
catalysts for polypyrrole formation. Four different chitooligosaccharide-based samples

(nonamer, octamer, pentamer, and dimer) were synthesized and analyzed.

The colloids were characterized using dynamic light scattering (DLS), which revealed that
longer chain chitooligosaccharides resulted in more stable colloids, with lower
polydispersity indexes and higher zeta potentials. UV/VIS spectroscopy confirmed
successful incorporation of polypyrrole into all samples, with characteristic absorbance

peaks at approximately 290 nm and 480 nm.

Cytocompatibility was assessed using the MTT assay on NIH/3T3 fibroblasts and RAW
264.7 macrophages. The nonamer and octamer exhibited high viability in both cell lines,
while the pentamer showed dose-dependent cytotoxicity and the dimer was markedly
cytotoxic, particularly to macrophages. Immunomodulatory effects were evaluated through
nitrite production (Griess assay) and IL-6 secretion (ELISA) in lipopolysacharide (LPS)
stimulated macrophages. OCH9 ppy and OCHS$ ppy significantly suppressed pro-
inflammatory responses, while OCHS5 ppy and OCH2 ppy showed moderate to weak

suppression, likely influenced by their colloidal instability and cytotoxicity.

Overall, the results demonstrate that chitooligosaccharide chain length plays a crucial role
in determining the colloidal behavior, biocompatibility, and immunological response of the
synthesized particles. The longer-chain-based colloids were identified as the most promising
for further application in biomedical fields such as wound healing, drug delivery, and tissue

engineering.

Keywords: colloidal particles, polypyrrole, chitooligosaccharides, dynamic length

scaterring, biocompatibility, immunomodulation
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INTRODUCTION

Colloid systems represent a key tool in biomedicine. Their unique properties such as high
surface-to-volume ratio, controllable particle size and the possibility of functional
modification allow their broad use in targeted drug delivery, biosensors and tissue
engineering. These systems, characterized by particles ranging from 1 nm to 1 um in size,
offer distinctive optical, mechanical, and chemical properties that differ from both molecular
solutions and bulk materials. Colloidal particles can exist in various forms, such as sols,
emulsions, aerosols, and foams, and can be composed of solid, liquid, or gas phases
dispersed in a continuous medium. This versatility makes colloidal systems highly suitable
for a wide range of applications, including drug delivery, biosensing, environmental

remediation and (bio)material design. (1-3)

Conductive polymers have gained significant attention due to their unique electrical
properties, offering electrical conductivity to applications where interaction between
electrical and biological systems is required. Among these, polypyrrole (PPy) stands out
because of its ease of synthesis, environmental stability, and inherent conductivity. However,
traditional methods of polypyrrole synthesis often involve the use of toxic oxidizing agents,

which can limit the biocompatibility and sustainability of these materials. (4—6)

Biopolymers, such as chitosan, offer an attractive alternative to synthetic polymers due
to their natural origin. Derived from the shells of crustaceans, chitosan is a linear
polysaccharide, composed of D-glucosamine and N-acetylglucosamine units, that exhibits
a range of desirable properties, including antimicrobial activity, biodegradability, and ease
of modification. When combined with conductive polymers, biopolymers such as chitosan
enhance the sustainability and biocompatibility of the resulting composite materials, which

is crucial for biomedical and environmental applications. (7—10)
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1 COLLOIDAL SYSTEMS

In a true solution, such as sugar or salt dissolved in water, the solute particles are dispersed
in the solvent as individual molecules or ions, with particle sizes ranging from 0.1 nm to

1 nm. (1, 11)

For a colloidal system, the IUPAC definition states that it consists of two phases:
a dispersed phase and a dispersant phase. The dispersed phase forms particles ranging in size
from 1 nm to 1000 nm, with at least one dimension within this range. These microscopic
particles can be created either by the bottom-up approach, i. e. by aggregation of small
molecules into larger complexes, or by the top-down approach, meaning by the breakdown

of bulk materials into smaller particles. (1, 2, 12, 13)

The dispersed phase can consist of substances like silica, aluminum or manganese
oxides, or macromolecular biopolymers, such as polysaccharides, starches, proteins, or even
whole blood cells. The continuous dispersant phase can be in a gaseous, liquid, or solid state.

(1,2, 13)

Due to their larger particles, when compared to a true solution, colloidal particles
exhibit specific behaviors in a liquid medium, such as Brownian motion, diffusion, and
a noticeable sedimentation rate. Colloids also display optical properties, including the
Tyndall effect and light scattering by particles, which also helps to distinguish them from
true solutions. Colloidal particles have a large ratio of the surface area to volume.
Furthermore, due to their charge transfer properties, colloids exhibit electrical properties like
electrokinetic potential and electroosmosis. The wide variation in particle size, molar
masses, and electrokinetic potential among colloids results in polydispersity. Therefore,
because of their complexity, colloidal systems require complementary analytical techniques

for characterization and component analysis. (1, 2, 14)

Given that the dispersed phase and a dispersion medium may exist in gaseous, liquid,
or solid states, several types of colloidal systems can be theoretically formed. Various types

with examples are listed in Table 1. (1)
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Table 1 Types of colloidal dispersions

Type name Dispersed phase | Dispersion medium Examples
Foam Gas Liquid Whipped cream,
shaving cream
Solid foam Gas Solid Foam rubber
Aerosol Liquid Gas Fog, mist
Emulsion Liquid Liquid Milk
Solid emulsion (gel) Liquid Solid Butter
Smoke Solid Gas Dust, soot in air
Sol Solid Liquid Paint, ink
Solid sol Solid Solid Alloys
Source: (1)

Colloidal particles absorb light energy and scatter it in all directions. This phenomenon is
called the Tyndall effect and the visible light beam or cone scattered by the dipsersed phase
is reffered to as the Tyndall beam/cone. If the particles are large enough, the system may (as
a result of the Tyndall effect) appear turbid under normal lighting conditions. Since true
solutions do not show this effect, it can be used to distinguish true solutions from colloids.

(1,15)

1.1 Stability of colloidal systems

The application of a given colloidal system is dependent on its stability. Since colloidal
systems are typically not true solutions, but rather homogeneous mixtures of two or more
substances, they are not stable over time. After a period, the dispersed phase may separate
from the continuous phase and form aggregates or flocks. This phase separation alters the
properties of the system. Therefore, maintaining the stability of colloidal systems is crucial.
Stability can be classified into various types, including kinetic, thermodynamic, electrostatic,

and steric (depletion) stability. (13, 14, 16)

Brownian movement helps counteract the settling of colloidal particles caused by
gravity. A colloidal particle is being constantly struck by the molecules of the dispersion

medium from opposite directions, resulting in a rapid zig-zag motion. This movement has
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a stirring effect and thus contributes to the kinetic stability of the system. It furthermore

distinguishes colloidal systems from true solutions and suspensions. (17, 18)

Kinetic stability is linked to the presence of an energy barrier that prevents particles
from coagulating. Thermodynamic stability, on the other hand, refers to a scenario where
the coagulated phase has a higher free energy than the dispersed phase. Electrostatic
stabilization arises from electrostatic repulsion forces. When particles suspended in a liquid
medium carry the same electrostatic charge on their surfaces, they repel each other, which
further enhances stability. However, this type of stability is only effective in systems where
the range of electrostatic repulsion is greater than the range of attractive forces, and it is more
applicable to systems containing small particles. Additionally, it is generally considered to
be short-term. The final type of stability is steric stability, which is achieved by adding
macromolecules to the system. These macromolecules, such as surfactants or polymers,
affect the stability process by altering the interphase properties of the dispersed particles.
When they are added, the stability of the colloidal suspension depends on the specific

stabilization mechanism involved. (16, 19, 20)

The stability of colloidal systems can be further explained by the Derjaguin, Landau,
Verwey, and Overbeek (DLVO) theory. This theory defines stability in terms of the
interaction energy between particles in the solution. The interactions between the particles
can be divided into two main forces: van der Waals attraction forces and repulsive electric
double layer forces. If the repulsive forces exceed the attractive forces, the system is
considered stable (Figure 1). There are three types of attractive interactions: the permanent
dipole-permanent dipole (Keesom), permanent dipole-induced dipole (Debye) and transient
dipole-transient dipole (London). If they are weaker than the repulsive forces, particles tend
to adhere to each other, leading to flocculation, which is the opposite of stabilization. The
addition of various substances, as mentioned above, as well as factors such as concentration,

ionic strength, or pH, can alter the total potential energy of these interactions. (16, 19-23)
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Figure 1 Schematic of interaction energy versuss distance profiles of
DLVO interaction. The attractive van der Waals and the repulsive
electrostatic potentials form the total interaction energy.

Source: (20)
1.1.1 Stabilization mechanisms

Different stabilization mechanisms can be categorized as steric stabilization, electrosteric

stabilization, and depletion stabilization. (20, 24)

Steric and electrosteric stabilization apply when a polymer is attached to the surface of
a particle. In steric stabilization, the adsorbed polymer does not carry an electrostatic charge.
Electrosteric stabilization, on the other hand, refers to a system where the polymer is ionic
in nature. Long-chain molecules are anchored to the surface of the particles, creating a thin
shell or envelope of these molecules around each particle (Figure 2.). The anchoring of these
long-chain molecules can be achieved through chemical synthesis (also known as chemical

grafting) or by adsorption. (20, 24)
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(A) (B)

Figure 2 Schematic representation of steric and electrosteric stabilization of a
particle due to (A) covalently attached long-chain molecules, (B) adsorption of
long chain molecules such as polymers, and (C) adsorption of surfactant molecules
where the tail is exposed to the dispersant phase.

Source: (24)

The depletion stabilization mechanism occurs when the polymer is not adsorbed onto the
dispersed particles. Instead, free polymer chains, forming various structures, are positioned
between the solid particles. This reduces the attraction between the particles, influencing the

system stability. (16, 20)

Depletion stabilization therefore involves adding nonionic polymers to a colloidal
dispersion. When particles in a polymer solution come close to one another, the polymer
molecules between the particles are generally expected to leave the gap between the
particles. In other words, the polymer is "depleted" from the space between the particles.
However, if the interaction between the polymer and the solvent is more favorable (i.e., the
polymer is in a good solvent), the polymer remains in the region between the particles
because that is energetically more advantageous. Therefore, the polymer molecules continue
to occupy the space between the particles, providing stability to the colloidal dispersion

through depletion stabilization. (16, 20, 24)

1.1.2 The electrical double layer

Colloidal particles can be engineered by attaching one or more chemical groups to the
molecules or atoms on the particle surface. When these particles are dispersed in a liquid,
the chemical groups on the particle surface may dissociate, resulting in a charged group on
the particle surface. This layer of ions selectively attracts counter-ions from the surrounding
dispersion medium, forming a second layer of charges, that balances the charge on the

dispersed particles. The layer of counter-ions adjoining closely the charged surface is called
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the Stern layer. These ions are bound to the charged surface and are expected to move with
the particle when it is in motion. To ensure that the system is electroneutral as a whole, the
total charge on all the colloidal particles in the dispersion must be equal but opposite to the
total charge of all the counter-ions. The combination of these two layers, meaning the
positive and negative charges around the dispersed particle, is known as the Helmholtz
Double Layer. The term Stern Double Layer refers to a more recent concept of a compact
layer of ions and counterions fixed firmely on the particle surface, and the diffuse layer of
counterions that is only loosely attached to the particle’s surface and moves in the opposite

direction when electric field is applied (Figure 3). (1, 17, 19, 24-26)

The difference in potential between the compact and diffuse layers is refered to as Zeta
potential or Electrokinetic potential. It is caused by the distribution of the charge around the
particle and is dependant on several factors, such as solvent pH, conductivity, temperature,
and presence, type and concentration of ions. Zeta potential measurements can provide

useful information about the electrostatic stability of a colloid system. (17, 26-28)

When a charged particle is subjected to a disturbance, such as an externally applied
electric field, or when an electrolyte is added to a dispersion of charged colloidal particles,
the free ions in the solution redistribute, leading to the restructuring of the electrical double

layer. (24, 26, 28)

Repulsive interactions between colloidal particles occur when the electrical double

layers of neighboring particles overlap. (24, 26)



TBU in Zlin, Faculty of Technology 21

lons

Surface potential
{ potential

T
.
",
"
"

e,
-----
.......
..............

0 Distance from particle surface

Figure 3 Schematic representation of an electrical double layer on
a charged spherical particle

Source: (28)
1.2 Characterization methods of colloidal systems

As colloidal systems become more widely used in manufacturing and technology, a growing
need for improving the ways we study and analyse them arises. Whether to better understand
the properties of individual particles, such as their size and distribution, or to examine how

they interact with other components of the system, such as polymers and surfactants. (2, 18)

1.2.1 Microscopy techniques

Numerous techniques are available for determining particle dimensions and size distribution.
In many cases, a combination of different methods is required to obtain accurate and
comprehensive results. While advanced techniques, such as those based on specific types of
microscopy or light scattering, can provide detailed and precise measurements, simpler
methods, including sedimentation or backscattering, may be more suitable for continuous
particle size monitoring. Figure 4 shows the resolution and some characteristics and

applications of these advanced methods. (29, 30)
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Figure 4 Size estimations of common particles as well as methods for their
characterization.

Source: (28)

Optical microscopy includes direct visual techniques used to examine the structure and
surface characteristics of particles or droplets. This method relies on detecting light that is
reflected, refracted, or emitted as fluorescence from the investigated sample. Traditional
optical microscopy is limited to observing the upper size range of colloidal particles, offering
a typical resolution between 0.5 and 1 pm. The maximum magnification achievable with
conventional optical microscopes is approximately 1000x. Additionally, the depth of field,
defined as the range within which the image remains in acceptable focus, is typically around

I mm. (29, 30)

The two most widely used techniques for high-resolution imaging in this field are
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). SEM,
is a powerful method for examining surface structures at extremely high magnifications,
typically ranging from 10x to 500 000%. Traditionally, it requires extensive sample
preparation, such as carbon or gold sputtering, and vacuum conditions. However,
advancements in instrumentation have led to the development of environmental SEM
(E-SEM), which utilizes a pressure-controlled chamber and reduced working distances. This
allows for direct observation of samples without the need for prior coating or vacuum

conditions. (29-31)
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TEM operates by directing a beam of electrons through an ultrathin specimen, during
which the electrons interact with the material as they pass through it. From these interactions,
an image is formed, then magnified and recorded. TEM offers exceptionally high
magnification and resolution. It is capable of visualizing even a single row of atoms. Due to
this level of detail, TEM is widely used in various research areas, including cancer biology,
catalysis, and materials science, among many other scientific and industrial applications.

(13,29, 30, 32)

Another one of the most widely utilized techniques for high-resolution surface analysis
is atomic force microscopy (AFM). AFM operates using an extremely sharp tip that scans
the surface of the sample. The topographical image is generated by detecting the forces
between the tip and the sample surface as the tip moves across it. A key advantage of AFM
over techniques such as TEM is that measurements do not need to be conducted in a vakuum.
Imaging can occur in air or even in liquid environments. Furthermore, sample preparation is
minimal, as there is no need for conductive coatings or staining. However, the resulting
image is a merged effect of both surface topography and tip dynamics, therefore its

interpretation requires consideration of these factors. (29, 30)

1.2.2 Light scattering techniques

As stated above, colloids have the capacity to scatter light, often exhibiting pronounced
turbidity. The intensity, angular distribution, and polarization of the scattered light depend
on several factors, including the size and shape of the particles, their interactions, and the
refractive index contrast between the particles and the surrounding medium. These principles
are used in light scattering techniques, which are widely employed to determine particle size
distributions in colloidal systems. These methods are rapid, suitable for both dry and wet
samples, and require minimal sample preparation. Since scattering intensity increases with
particle size, such techniques are also valuable for monitoring particle aggregation

(coagulation) and evaluating the stability of colloidal dispersions. (27, 31)

Techniques such as small-angle X-ray scattering (SAXS) and dynamic light scattering
(DLS) are commonly used to analyze particle size distributions and aggregation behavior.
Computer simulations, including Monte Carlo methods and molecular dynamics, also
provide valuable insights into aggregation mechanisms. However, each method has
limitations. SAXS, for instance, requires complex data analysis and mathematical modeling,

while Monte Carlo simulations are resource-demanding and typically require validation
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through experimental data. In contrast, DLS is widely favored in both industrial and research
settings due to its simplicity, speed, and potential to measure other colloidal properties, such

as Zeta potential by measuring a charged particle’s electrophoretic mobility. (13, 27)

Particles in suspension undergo random motion, known as Brownian motion, which is
influenced by their size. Smaller particles move faster, while larger particles move more
slowly. Dynamic Light Scattering (DLS) uses a laser to illuminate particles and analyzes
intensity variations in the scattered light to relate this motion to particles” hydrodynamic
size. Large particles, moving slowly, show gradual fluctuations in intensity, while small
particles, moving quickly, cause rapid intensity changes. Therefore, as the laser illuminates
dispersed nanoparticles, they scatter light according to their size, while the particles'
continuous motion causes fluctuations in the scattered light's phase, which are observed as
intensity variations. DLS measures the rate of these intensity fluctuations and uses the
Stokes—Einstein equation (Equation 1) to connect particle size with the speed of Brownian

motion. (2, 27, 31)

kT kT

f ~ 6mRy

(1

where D is translational diffusion coefficient, k is Boltzmann constant, T is absolute

temperature, Ry hydrodynamic radius and n dynamic viscosity. (2)
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2 CONDUCTING POLYMERS

Electroactive biomaterials represent a type of smart materials capable of delivering
electrical, electrochemical, and electromechanical stimulation directly to cells. Bioelectricity
is a fundamental process in mammalian and human cells. Consequently, intrinsically
conductive polymers are extensively studied for their potential use in biosensors and as cell-
instructive materials in regenerative medicine. This category of biomaterials includes
conductive polymers, electrets, piezoelectric, and photovoltaic materials. While electrets and
piezoelectric materials can deliver electrical stimuli without requiring an external power
source, their control over the stimulus is limited. In contrast, conductive polymers offer
excellent control over electrical stimuli, have superior electrical and optical properties,
exhibit a high conductivity-to-weight ratio, and can be designed to be biocompatible and

biodegradable. (4, 5, 12)

Early research on conducting polymers was initiated by the discovery of conductivity
of polyacetylene, a polymer that is typically only semiconducting. Its conductivity increases
significantly when oxidized with iodine vapor. This ability to manipulate the polymer’s
conductivity, known as doping, opens up a range of applications in electronics, biomaterials,

and energy storage systems. (4, 6)

A significant advantage of conductive polymers is their versatility; their chemical,
electrical, and physical properties can be customized to meet the specific requirements of an
application by incorporating antibodies, enzymes, and other biological components. These
materials combine the advantageous properties of metals, such as charge conduction, with
the processing flexibility and easy synthesis of traditional polymers. Moreover, these
properties can be adjusted and controlled through external stimuli (e.g., electricity, light, pH)
even after the polymers have been synthesized. Common examples of conducting
polymers include polypyrrole (PPy), polyacetylene (PA), polyphenylene, polyaniline
(PANI), poly(3,4-ethylenedioxythiophene) (PEDOT) (Figure 5), polythiophene (PTH),
poly(phenylenevinylene) (PPV), and polyfuran (PF). (4, 33-35)
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A conjugated carbon chain is characterized by alternating single and double bonds. While
both the single and double bonds have a strong, localized c-bond, the double bonds also
include a less localized n-bond. The m-orbitals in these bonds overlap, allowing electrons to
be more delocalized, meaning they can move freely across multiple atoms rather than being
fixed to a single one. This delocalization is critical for the formation of charge carriers such
as polarons, bipolarons, and solitons, which are key to the transition of the material from an

insulator to a conductor. (4, 6, 36)

Unlike conventional polymers, which consist of thousands to millions of monomer
units and are typically stiff and soluble in solvents, a conjugated polymer chain is made up
of fewer monomer units. The solubility and processability of conducting polymers are
primarily influenced by the side chains attached to the polymer and the dopant ions, which
grant the polymers with mechanical, electrical, and optical characteristics. Conducting

polymers exhibit both crystalline and partially amorphous structures. (6, 37)
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2.1 Synthesis methods

Currently, there are two primary methods for synthesising conductive polymers: chemical

and electrochemical. (4, 35, 37)

2.1.1 Chemical synthesis

In chemical synthesis, a monomer solution is combined with an oxidizing agent (e.g., ferric
chloride, ammonium persulfate). This process leads to the formation of either a powder or
thick film of the polymer, enabling bulk production and thus making it a preferred method
for commercial applications. An advantage of chemical polymerization is its versatility,
allowing the synthesis of various types of conductive polymers, including some that cannot
be created through electrochemical methods. However, the conductivity of polymers
produced via chemical synthesis tends to be lower than those produced electrochemically.
Additionally, the conductivity of the resulting polymer is highly sensitive to factors like the
solvent type, oxidant purity, reagent concentration, reaction time, temperature, and stirring

rate, making it difficult to achieve reliable and consistent results. (4, 5, 37)

2.1.2 Electrochemical synthesis

Electrochemical polymerization involves applying an electrical current through electrodes
submerged in a solution containing the monomer, solvent, and doping agent (Figure 6). This
technique enables the deposition of thin films of polymer with controlled thickness (down
to 20 nm) and morphology. The electrical current causes the monomer to oxidize and deposit
on the positively charged electrode, forming insoluble polymer chains. The properties of the
resulting film are influenced by factors such as deposition charge, time, temperature, solvent,
doping agent, and electrode system. Electrochemical polymerization can only be used for
polymers whose monomers can undergo oxidation in the presence of an electrical potential,

such as PPy, PANI and PEDOT. (4, 20, 37, 38)

There are three main electrochemical polymerization techniques: galvanostatic,
potentiostatic, and potentiodynamic. In potentiostatic polymerization, the potential of the
electrodes is controlled while the current varies, making it ideal for applications like
biosensors. The current is influenced by factors such as electrode material and plating
conditions and coulometer is needed to control the deposition. In galvanostatic
polymerization, the current is controlled instead of the potential, allowing precise control

over the polymer deposition rate. During potentiodynamic polymerization, the polymerizing



28 TBU in Zlin, Faculty of Technology

potential is cycled between low and high limits, causing the polymer to deposit in layers,
each becoming electrically active before the next layer is synthesized. Potentiodynamic
electrosynthesis results in a different surface morphology compared to potentiostatic and
galvanostatic methods. For example, when comparing PEDOT synthesized by all three
techniques, the potentiostatic and galvanostatic methods produced a porous, globular
surface, while the potentiodynamic method resulted in a rod-like, fibrous morphology. (4,

37, 38)

Electrochemical synthesis allows rapid in situ deposition of conductive polymers, but
the amount of bioactive molecules that can be doped into the polymer is limited.
Additionally, because the polymer must be deposited onto an electrode, the shape and size
of the electrode restrict the range of geometries and quantities that can be synthesized. This
limitation also makes it difficult to create composites using electrochemical synthesis. In
contrast, chemical synthesis facilitates the easy creation of composites, and has been used to
combine PPy with polymers such as poly(methyl methacrylate), poly(vinyl chloride),
polystyrene, and polyurethane. (4, 37, 38)

Potentiostatic

Voltage source

Working electrode —

The component/substrate

to be coated with the
conductive polymer.
The synthesis will take
place upon the surface of
the component.

|~ Control electrode

Polymer solution

Containing the monomers of the
polymer, dopant ions/molecules
and the solvent.

Figure 6 A schematic of the electrochemical synthesis set-up.

Source: (4)



TBU in Zlin, Faculty of Technology 29

2.2 The doping process

During the doping process, the neutral insulating polymer is transformed into an ionic
complex, consisting of a polymeric cation (or anion) and a counterion, which is the reduced
form of the oxidizing agent (or the oxidized form of the reducing agent). Therefore, a key
factor in selecting potential conducting polymers is how easily the polymer can be oxidized
or reduced. This also explains the preference for m-bonded unsaturated polymers, like
polyacetylene, which have low ionization potentials, or large electron affinities. Electrons
can be then relatively easily added or removed to form a polymeric ion, without significantly

disrupting the bonds that are responsible for holding the polymer structure together. (39, 40)

Another key factor in conductivity is the dopant molecule. The polymer is initially
synthesized in its oxidized, conductive state, and the dopant molecule (usually an anion)
stabilizes the backbone and neutralizes the charge. Additionally, the dopant introduces
charge carriers by removing or adding electrons from or to the polymer chain, forming
polarons or bipolarons. When an electrical potential is applied, the dopants move in or out
of the polymer, disturbing the stable backbone and enabling charge transfer in the form of

polarons and bipolarons. (4, 41, 42)

The doping process is reversible, meaning that applying an electrical potential can cause
the dopant to leave or re-enter the polymer, thus switching it between its conductive and
insulating redox states. This is an important feature for various applications, including
sensors, and other smart materials where the material’s properties can be dynamically

controlled. (6, 42)

2.2.1 Doping methods and dopant molecules

There are two primary types of doping. During the process of p-doping, the polymer is
oxidized and carries a positive charge, on the other hand, n-doping produces a reduced

polymer that carries a negative charge. (6, 42)

Doping typically happens during the synthesis of the polymer and can be achieved
through different methods: chemical doping, electrochemical doping, or photodoping.
Electrochemical doping is often the preferred method, particularly for when the dopant is
a biological molecule. In this case, the biological molecule is charged and incorporated into

the polymer during the electrochemical polymerization process This is important because
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many biological molecules cannot undergo the necessary redox chemistry for chemical

doping. (6)

The amount of dopant used is directly proportional to the resulting conductivity of the
doped polymer. The more dopant added, the higher the conductivity. Typically, the
maximum dopant concentrations are around several mole percent per repeat unit of the chain
backbone. For example, polyacetylene doped with iodine can reach up to 20% of a dopant
concentration. However, the choice of a dopant molecule not only influences the
conductivity but also affects other structural properties of the polymer, such as its color,

porosity, and volume. (6, 39)

Dopants can be categorized into two groups based on their molecular size. Small
dopants (e.g., Cl") and large dopants (e.g., sodium poly(styrene sulfonate), PSS). Both types
affect the polymer's conductivity and structural properties in different ways. (35, 38, 39)

Small dopants are inherently more mobile within the polymer and can easily leave and
re-enter the material when subjected to electrical stimulation. This reversibility makes them
particularly useful in applications such as drug release systems, where the dopant can be
removed and replaced to control the release of a therapeutic molecule. Additionally, small
dopants allow the physical properties of the polymer to be controlled through repeated
cycling between doping (oxidation) and dedoping (reduction). (35, 39)

Large dopants are more integrated into the polymer’s structure and have a more
pronounced effect on its properties. They tend to increase the density of the polymer and
also improve the electrochemical stability since they are less likely to be leached out over

time, or by the application of an electrical stimulus. (38, 39)

The choice of a dopant molecule significantly influences the bulk and surface properties
of the polymer. Surface properties such as roughness, wettability, and stiffness are known to

affect the adhesion and proliferation of various cell types. (4, 35, 38)

Different dopants can modify these properties in diverse ways. As mentioned above,
biological molecules, such as enzymes, proteins and antibodies have been used as dopants
in conductive polymers. For example, according to Balint et al., hyaluronic acid doped
polypyrrol makes the material more brittle and rough, doping polypyrrol with chondroitin
sulfate results in a material with an increased surface roughness, whereas PEDOT has been
doped with hyaluronic acid, heparin or fibrinogen for the purpose of increasing its

biocompatibility. (4, 42)
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While doping with biomolecules can improve the properties of conductive polymers, it
can also introduce some challenges such as compromising the polymer’s integrity or
possibly reducing its conductivity, highlighting the potential trade-off between
biocompatibility and conductivity. Thus, careful selection of dopants is essential for
balancing the desired material properties, such as mechanical strength or biocompatibility,

for specific applications. (4, 35, 42)

2.3 Polypyrrole

Polypyrrole (PPy) is probably the most extensively studied conductive polymer. It exhibits
a wide range of excellent characteristics and stimulus-responsive properties, making it
a promising smart biomaterial. It demonstrates good biocompatibility both in vitro and in
vivo, sufficient chemical stability in environments such as air and water and relatively high
conductivity under physiological conditions. Furthermore, it is easily and flexibly
synthesized at room temperature in large quantities, using a variety of solvents, including
water. Its properties can also be modified for specific biomedical applications through the
incorporation of bioactive molecules. Additionally, PPy is stimulus-responsive, allowing

dynamic control of its properties though the application of an electrical potential. (4, 12, 42)

Oxidized polypyrrole carries a positively charged backbone, which necessitates the
incorporation of anionic counterions to maintain charge neutrality. Charge transport occurs
primarily through bipolarons, which are more mobile than polarons and thus serve as the
dominant charge carriers. The electrical and structural properties of PPy are closely linked
to the synthesis method, such as electropolymerization or chemical polymerization.
Polypyrrol, however, also has its limitations. Once synthesized, it becomes difficult to
further process due to its molecular structure, which makes it mechanically rigid, brittle, and
insoluble. Despite these challenges, PPy is used in a wide range of applications, including
fuel cells, corrosion protection, microsurgical tools, biosensors, and drug delivery systems.
Furthermore, PPy is the most frequently reported conductive polymer incorporated into skin
tissue engineering scaffolds or membranes. It also serves as a biomaterial in neural tissue
engineering, and is used for neural probes, nerve guidance channels, blood conduits and

biosensors. (4, 12, 36, 37, 42)
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2.4 Polyaniline

The second most studied conductive polymer after polypyrrole is polyaniline, also known as
aniline black. It exists in several forms depending on its oxidation state: the fully oxidized
pernigraniline base, the half-oxidized emeraldine base, and the fully reduced
leucoemeraldine base. Among these, the emeraldine base is the most stable and conductive.

(4, 41)

PANI offers several advantages, including ease of synthesis, low cost, good
environmental stability, and the ability to electrically switch between its conductive and
resistive states. However, its application in biological contexts is limited due to its poor
processability, lack of flexibility, non-biodegradability, and tendency to cause chronic
inflammation once implanted. Despite these challenges, PANI has been explored for use in
biosensors, neural probes, controlled drug delivery systems, and tissue engineering

applications. (4, 41)

2.5 Polyacetylene

The invention of polyacetylene and its enhancement in conductivity through doping was
recognized with the Nobel Prize. Polyacetylene and its derivatives exhibit multifunctional
behaviors, including electrical conductivity and photoconductivity. The main chain of
polyacetylene is made up of a flexible linear polyene chain, which can be decorated with
pendant groups by replacing the hydrogen molecules in the alternating carbon structure with

foreign molecules, creating monosubstituted or disubstituted polyacetylene. (6, 42, 43)

There are several methods for synthesizing polyacetylene: catalytic polymerization,
non-catalytic polymerization, catalytic polymerization of other polymers, and precursor-
assisted synthesis. In catalytic polymerization, catalysts such as Ziegler—Natta catalysts or
Luttinger catalysts are used. Ziegler—Natta catalysts are highly soluble in organic solvents
and provide high selectivity, producing highly crystalline, free-standing polyacetylene films.
Luttinger catalysts, consisting of a hybrid reducing agent and a metal complex, are also used
for polyacetylene synthesis. They typically produce polyacetylene with a high molecular
weight and fewer oligomers, although they are less catalytically active than Ziegler—Natta

catalysts. (6, 44)

Electrochemical polymerization is a non-catalytic polymerization method. This

involves anodic oxidation of a monomer precursor in the presence of suitable electrolytes on
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an inert metal surface, forming polyacetylene films. Additionally, light-induced synthesis

using UV irradiation of acetylene gas has been explored for producing polyacetylene. (6, 44)

These diverse synthesis methods offer flexibility in tailoring the properties of
polyacetylene for specific applications, including its use in electronics, sensors, and other

advanced materials. (6, 43, 44)

2.6 Applications of conducting polymers in biomedicine

Conducting polymers have emerged as a unique class of functional materials with growing
relevance in biomedical applications. Their ability to conduct electrical signals, combined
with tunable mechanical properties, surface functionality, and chemical versatility, makes
them particularly well-suited for interfacing with biological systems. Among the most
studied are polypyrrole, polyaniline, and poly(3,4-ethylenedioxythiophene) (PEDOT),
which exhibit excellent electrochemical properties and can be synthesized under mild,

biocompatible conditions. (4, 12, 36)

In biomedicine, these materials are being investigated for use in biosensors, drug
delivery systems, neural interfaces, tissue engineering scaffolds, and wound healing
materials. Their electrical conductivity allows for cell stimulation, signal transduction, and
responsive behavior, enabling dynamic interaction with living tissues. Additionally,
conducting polymers can be engineered to support cell adhesion, proliferation, and

differentiation, further enhancing their potential as biofunctional materials. (12, 37, 42)

2.6.1 Wound healing and antimicrobial activity

Conductive polymers are being explored as an innovative strategy for accelerating wound
healing, enhancing antibacterial activity, and enabling controlled drug release as they
facilitate direct electrical stimulation at the wound site. A skin wound is characterized as the
disruption of the skin's normal anatomical structure and function. The healing process
consists of several distinct phases: hemostasis, inflammation, proliferation, maturation, and

remodeling. (4, 36)

Electrical stimulation in wound care involves applying an external electrical stimulus
to the tissue adjacent to or within a wound. This technique aims to enhance control over
cellular differentiation and proliferation, thereby accelerating the wound healing process.
The underlying mechanism is based on the natural transepithelial potential maintained by

healthy skin. When skin integrity is compromised, this potential is disrupted, creating an
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electric field at the wound edges that guides cell migration toward the wound center and
influences both the orientation and rate of cell division. Incorporating conducting polymers
into wound dressings and tissue scaffolds enables more consistent and targeted delivery of
electrical stimulation to injured tissues. Interestingly, some studies have also reported that
their sole use, without external stimulation, can independently promote faster wound

healing. (4, 36, 45)

To enhance biocompatibility and physical performance, conducting polymers are often
combined with biomolecules or biocompatible polymers through doping, composite
formation, copolymerization, or blending. Overall, they show strong potential for advancing
wound healing strategies and applications in skin tissue engineering. The doping capability
of conductive polymers allows for the incorporation of specific therapeutic agents, enabling
the controlled release of drugs directly at the wound site. This controlled drug delivery can
be precisely regulated through the application of an external electrical field, offering targeted

and responsive treatment. (36, 42, 45)

Moreover, conductive polymers and their composites have demonstrated inherent
antibacterial properties. For instance, it has been reported that polyaniline exhibits
antibacterial activity against E. coli, S. aureus, and P. aeruginosa, including both wild-type
and antibiotic-resistant strains. Similarly, a polypyrrole/dextrin composite showed effective
antibacterial action against E. coli, P. aeruginosa, S. aureus, and B. subtilis, bacteria

frequently implicated in infected wounds. (4, 12)

2.6.2 Tissue engineering

Conductive polymers have also demonstrated significant potential in various tissue
engineering applications due to their electrical conductivity, biocompatibility, and ease of
synthesis. Materials, such as polyaniline, polypyrrole, and polythiophene, have been
employed in scaffolds for bone, skeletal muscle, nerve, and cardiac tissue engineering. In
bone tissue engineering, they have been used to promote osteogenesis and support bone cell
growth through electrical stimulation. For skeletal muscle regeneration, conductive
polymer-based scaffolds enhance myoblast alignment and differentiation. In nerve tissue
engineering, they provide conductive pathways that support neuronal growth and nerve
regeneration. In cardiac tissue engineering, conductive polymers facilitate the development
of scaffolds that support cardiomyocyte function and electrical coupling necessary for heart

tissue regeneration. Additionally, conductive hydrogels and composites have been shown to
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accelerate wound healing by stimulating cellular activities through electrical signals.
Overall, the ability of conductive polymers to interact with cells via electrical cues makes
them versatile materials for enhancing tissue regeneration in a wide range of biomedical

applications. (36, 42, 45, 46)
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3 BIOPOLYMERS

Biopolymers are polymers produced by living organisms, including plants, animals, and
microorganisms. The term "biopolymer" reflects both their biological origin and their

biodegradable nature. (7, 8)

3.1 Structure, properties and applictions of biopolymers

Structurally, biopolymers are composed of repeated units (monomers) covalently bonded
together, often forming complex and versatile materials. Examples of natural biopolymers
include rubber, starch, cellulose, proteins, DNA, RNA, chitin, and peptides. These materials
play essential roles in nature by enabling energy storage, preserving and transmitting genetic

information, and cellular construction. (7, 8, 47, 48)

Biopolymers offer significant advantages due to their biodegradability and
biocompatibility. For instance, sugar-based biopolymers like polylactides can naturally
degrade in the human body without producing harmful side effects, making them highly
valuable for medical applications such as implants and drug delivery systems. Starch-based
biopolymers can be processed through extrusion and injection molding to create
environmentally friendly alternatives to conventional plastics. Similarly, cellulose-based
biopolymers, such as cellophane, are used to manufacture packaging materials like thin

wrapping films, food trays, and protective shipping pellets. (7, 8, 49-52)

In industry, biopolymers find broad applications across pharmaceuticals, food
production, cosmetics, packaging, and even the petroleum sector. Synthetic biopolymers are

also utilized in the fabrication of textiles and mats. (7, 8, 47, 50, 53)

Due to their sustainability and wide range of functional properties, biopolymers are
considered key materials for the future, supporting the shift toward more eco-friendly

technologies and products. (7, 47, 54)

3.2 Classification of biopolymers

Biopolymers can be categorized into four main groups according to their origin, the first
three being derived from renewable resources: polymers from biomass (e. g. starch and
cellulose), polymers produced by microbial synthesis (poly(hydroxy alkanoates)), polymers

chemically synthesized from biological monomers (polylactid acid) and polymers of
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synthetic origin, that are not naturally occurring, but designed to mimic natural structures

and properties, often using biological raw materials as a starting point. (7, 48, 54, 55)

Based on the chemical structures synthesized by living organisms, polymers can be

classified into three major categories: polysaccharides, proteins, and polynucleotides. (8, 48)

3.3 Biocompatibility and biodegrability

Biodegradability is regarded as one of the most critical characteristics of biopolymers. After
disposal, these materials naturally degrade in environments such as soil, activated sludge,
freshwater, and seawater. Numerous prokaryotic and eukaryotic microorganisms secrete
extracellular depolymerases capable of hydrolyzing biopolymers, breaking them down into
smaller compounds that can be used as nutrients. Eventually, these degraded compounds are

converted into renewable resources, such as carbon dioxide (CO:) and biomass. (7, 53)

The initial step in biopolymer recycling involves the enzymatic decomposition of
polymers into oligomers and/or monomers by depolymerases. Given the importance
of biopolymer stability and controlled degradation after disposal, extensive research has
focused on understanding the biodegradation mechanisms of various biopolymers, including

polyesters, polysaccharides, proteins, lignins, and related materials. (7, 48, 53, 56)

Some biopolymers can be produced from biomass or other renewable resources,
however, not all of them are biodegradable. Non-biodegradable bio-based biopolymers
include: synthetic polymers derived from renewable resources, such as specific polyamides
from castor oil (e. g. polyamide 11), bio-based polyethylene (bio-LDPE, bio-HDPE), bio-
based polypropylene (bio-PP), and bio-based poly(vinyl chloride) (bio-PVC) and naturally

occurring biopolymers, such as natural rubber and amber. (8, 57)

3.4 Chitosan

Chitosan is a naturally occurring, amino-functional polysaccharide derived from the partial
deacetylation of chitin. Structurally, it is composed of D-glucosamine and N-acetyl-D-
glucosamine units linked via B-(1—4) glycosidic bonds. The presence of hydroxyl and
amino groups in its backbone enables various chemical modifications such as esterification,
etherification, and reductive amination, which are key to tailoring its physicochemical

properties. The chemical structure of chitosan is depicted in Figure 8. (7, 9, 58, 59)



38 TBU in Zlin, Faculty of Technology

OH OH

OH

.OH

Figure 7 The chemical structure of chitosan.
Source: (58)

Chitosan is valued for its non-toxic, biocompatible, and biodegradable nature, which has led
to extensive research in biomedical, pharmaceutical, and industrial applications. Its intrinsic
properties, mucoadhesion, antimicrobial activity, and permeability enhancement, are closely
related to the functionality of its amino and hydroxyl groups. Under acidic conditions,
chitosan becomes cationic due to the protonation of amino groups, allowing it to interact
electrostatically with negatively charged mucosal surfaces and cell membranes, facilitating
mucoadhesion and paracellular transport through the opening of tight junctions. These

interactions are further reinforced by hydrogen bonding and hydrophobic effects. (9, 58)

The degree of deacetylation and molecular weight are crucial in determining its
solubility, viscosity, and biological activity. Native chitosan's poor solubility in neutral and
basic media limits its broader use. To overcome this, various derivatives have been
developed to improve solubility and functionality, relying on chemical modifications
targeting its amino (-NH:) and hydroxyl (—-OH) groups. These modifications improve
solubility, mucoadhesion, pH sensitivity, and drug permeation, thereby broadening its utility
in drug delivery. Derivatives such as trimethyl chitosan, thiolated chitosan, glycol chitosan,
and carboxymethyl chitosan exhibit enhanced biocompatibility, biodegradability, and
effectiveness as drug carriers, particularly in controlled and targeted delivery systems. (9,

56)

Chitosan is derived from crustacean shells like crab and shrimp through
deproteinization, demineralization, decolorization, and deacetylation. Its broad biological
activities, antimicrobial, antifungal, antitumor, anticancer, anti-diabetic, antioxidant, and

wound healing, make it highly valuable for drug delivery and biomedical applications,
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including oral, nasal, ocular, pulmonary, mucosal, gene, and vaccine delivery, as well as

tissue engineering. The scheme of synthesis of chitosan is depicted in Figure 9. (9, 49, 56,

58, 60)
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Figure 8 The scheme of synthesis of chitosan.
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Source: (9)
3.5 Bioactive properties of chitosan

Chitosan exhibits a range of bioactive properties that make it attractive for biomedical and
pharmaceutical applications. One of its key features is biokompatibility. Additionally,
chitosan possesses antimicrobial activity against a broad spectrum of bacteria and fungi,

primarily due to its polycationic nature, which disrupts microbial membranes. (9, 56)

Another important bioactivity of chitosan is its antioxidant capacity, enabling it to
scavenge reactive oxygen species and reduce oxidative stress in biological environments.
Chitosan has also been shown to exert immunomodulatory effects, including the stimulation
or suppression of specific cytokine responses, depending on its molecular weight, degree of
deacetylation, and formulation. These properties, combined with its biodegradability and
ability to promote wound healing and tissue regeneration, underline chitosan’s versatility as

a bioactive material in modern biotechnological and therapeutic strategies. (9, 49, 56)
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3.5.1 Mucoadhesion and permeation enhancement

With chitosan, mucoadhesion is primarily attributed to its cationic nature. The mucus gel
layer contains anionic groups such as sialic acid and sulfonic acid, and the ionic interaction
between chitosan’s cationic groups and the anionic functionalities of the mucus facilitates
mucoadhesion. The mucoadhesion of chitosan improves with an increase in molecular
weight and the degree of deacetylation, although excessive cross-linking can reduce this
property. This feature allows chitosan to effectively adhere to the upper respiratory and

gastrointestinal tracts, promoting sustained drug release. (9, 56, 61)

While interacting with the mucus membrane, chitosan enduces the opening of tight
junctions between cells, which facilitates the passage of substances across the mucosal cells
and enhances drug permeation. Therefore, chitosan (with a high molecular weight and a high
degree of deacetylation) improves epithelial permeability. Modified forms of chitosan show
greater permeation than unmodified chitosan, thiolation of chitosan further improves its

permeation-enhancing properties on the mucosal membrane. (9, 61)

Chitosan can form ionic cross-links, leading to the creation of stable complexes that
facilitate prolonged and controlled drug release. When combined with anionic polymers such
as alginate, carrageenan, hyaluronic acid, pectin, and polyacrylates, chitosan forms stable

complexes that enable the sustained release of drugs. (9, 49)

3.5.2 Biocompatibility and antimicrobial activity

Chitosan is highly biocompatible due to its structural and functional similarities to
glycosaminoglycans, which are naturally present in the extracellular matrix of the body. (9,

56, 62)

Chitosan and its derivatives exhibit significant antimicrobial activity. The primary
mechanism of action of chitosan's antimicrobial activity is attributed to its positive charge.
Chitosan binds to bacterial DNA and interacts with surface molecules, leading to the

inhibition of mRNA synthesis. (9, 62, 63)

Chitosan's antimicrobial activity is influenced by its molecular weight. High molecular
weight chitosan acts extracellularly, preventing nutrient uptake and altering cell membrane
permeability, while low molecular weight chitosan impacts both intracellular and
extracellular processes, affecting mitochondrial function and protein and RNA synthesis.

The antimicrobial effect also varies by microorganism type. In Gram-positive bacteria,
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teichoic acid binds with chitosan, and in Gram-negative bacteria, lipopolysaccharide plays
a similar role in disrupting the membrane. Higher concentrations of chitosan increase its

positive charge, leading to bacterial agglutination. (9, 62, 63)

3.5.3 Antioxidant and anti-inflammatory activity

Oxidative stress can lead to various disorders, including inflammation, diabetes, and cancer.
Chitosan and its derivatives protect against oxidative damage by scavenging free radicals
and disrupting oxidation. Their antioxidant activity depends on the degree of deacetylation
and molecular weight (MW), with low MW oligomers being more effective. Chitosan
donates hydrogen atoms to halt oxidation, reducing malondialdehyde and fatty acid levels

while boosting antioxidant enzymes. (9, 64, 65)

Inflammation is the body's response to injury, involving immune cells that aim to
restore tissue integrity. Chitosan and its derivatives have been studied for their anti-
inflammatory and pro-inflammatory effects. The anti-inflammatory action of chitosan is
attributed to its conversion into glucosamine hydrochloride or salts like phosphate and
sulfate, which are used to repair damaged tissues. Additionally, low molecular weight
chitosan suppresses antigen-stimulated degranulation and cytokine production, showing

potential in alleviating allergy-related inflammation and lung inflammation. (66, 67)

3.6 Chitooligosaccharides

Chitosan contains relatively unstable glycosidic bonds, making it prone to cleavage by
hydrolyzing agents, which results in the production of chitosan oligomers with varying
degrees of polymerization. Chitosans with a degree of polymerization of less than 20 and an
average molecular weight of less than 3.9 kDa are referred to as chitooligosaccharides,

chitosan oligomers, or chitooligomers. (10, 58, 59)

Chitooligosaccharides exhibit a wide range of biological activities and hold significant
promise for applications in various fields, including medicine, cosmetics, food, and
agriculture. Due to their low molecular weight and water solubility, they are in much higher

demand compared to the precursor chitosan molecule. (10, 58, 59)

Homochitooligosaccharides are oligomers composed exclusively of either
D-glucosamine (D  wunit) or N-acetyl-D-glucosamine (A  unit), whereas
heterochitooligosaccharides contain both D and A units. These hetero-oligomers vary in

degree of polymerization, degree of acetylation, degree of deacetylation, and the position of



42 TBU in Zlin, Faculty of Technology

N-acetyl residues in the oligomer chain. Heterochitooligosaccharides with a degree of
polymerization less than 10 are typically water-soluble, but the solubility of those with
a degree of polymerization greater than 10 depends on their degree of acetylation and the pH
of the solution. Different chitooligosaccharides may share the same degree of polymerization

but differ in their fraction of N-acetylated residues. (10, 58, 59)

Research has shown that chitooligosaccharides can prevent tumor growth, treat asthma,
improve bone strength, prevent malaria, and serve as vectors in gene therapy. The biological
activities include antibacterial, antifungal, antiviral, anti-tumor, antioxidant,
immunoregulatory effects, and the ability to control fat levels, blood pressure, and
cholesterol. Chitooligosaccharides with a degree of polymerization longer than hexamers
have been shown to possess greater bioactivity, including enhanced antimicrobial, anti-
tumor, and immunopotentiation effects, compared to smaller chitooligosaccharides.
Although numerous studies have demonstrated the biological activities of
chitooligosaccharides, the molecular mechanisms behind these effects are not yet fully

understood. (10, 59, 67)
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Figure 9 Structure of N-acetylated chitooligosaccharide (A),
N-deacetylated chitooligosacharide (B) and partially
N-deacetyled chitooligosaccharide,
m/n/m+n=degree of polymerization=2-20.

Source: (10)
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II. PRACTICAL PART
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4 PREPARATION OF COLLOIDAL PARTICLES

The purpose of this analysis was to prepare colloidal particles combining polypyrrole as
a conductive polymer with four types of chitooligosaccharides. First, chitosan was
depolymerized, and the resulting chitooligosaccharides were used for the synthesis of
colloidal particles. The material was characterized by evaluating particle size and size
distribution, measuring zeta potential, and assessing biocompatibility and potential
immunomodulatory properties in vitro using adherent cell lines of murine fibroblasts

(NIH/3T3) and murine macrophages (RAW 264.7).

4.1 Materials and equipment

e  Chitosan, low molecular weight (Sigma Aldrich Co., USA)
e Acetic acid glacial (VWR Chemicals, USA)

e  Ultrapure water (UPW)

e Nitrogen gas (Nz)

e  Sodium nitrite (NaNO2, Thermo Fisher Scientific, USA)

e  Hydrochloric acid (HCI, 37%, Penta, Czech Republic)

e Deacetylated chitosan (DA approx. 0%, synthesized by the research workers of the
Centre of Polymers in Zlin, Czech Republic)

e  Pyrrole (99%, Thermo Fischer Scientific, USA)

e  Sodium chloride (NaCl, Merck & Co., USA)

e  Mouse embryonic fibroblast cell line (NIH/3T3, ECACC 93061524, England)
e  Mouse macrophage cell line (RAW 264.7, ATCC-TIB-71, Germany)

e  Dulbecco’s Phosphate Buffered Saline (PBS, pH 7.2, Biosera, France)

e  Trypsin (Biosera, France)

e Dulbecco’s Modified Eagle’s Medium with Phenol Red (DMEM, high glucose,

Biosera, France)
e DMEM without Phenol Red (high glucose, Capricorn Scientific, Germany)

e Fetal Bovine Serum (FBS, Biowest, South America)
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Sodium Pyruvate (Gibco, USA)

Lipopolysaccharides from Escherichia coli 026:B6 (LPS, Sigma Aldrich Co., USA)
Thiazolyl Blue Tetrazolium Bromide (MTT, Duchefa Biochemie, The Netherlands)
Griess reagent (Sigma Aldrich Co. USA)

Dimethylsulfoxide (DMSO, Duchefa Biochemie, The Netherlands)

Mouse IL-6 Uncoated ELISA Kit (Thermo Fisher Scientific, USA)

Sulfuric acid (H2SO4, 95-98%, Sigma Aldrich Co. USA)

Tween 20 (Carl Roth GmbH and Co., Germany)

Basic laboratory glassware (beakers, pipettes, boiling flasks, reagent bottles)
Micropippetes (Eppendorf, Germany)

Magnetic stirrer (Heidolph Instruments GmbH and Co., Germany) and magnetic bars

Syringe Filters (PES, 0.22 um and 0.45 pm, VWR Chemicals, USA) and syringes
(B. Braun Medical Inc., Germany)

Dialysis Membrane MWCO 100-500 Da (Spectra/Por®, USA)

Centrifugal Filters (100 kDa, Thermo Fischer Scientific, USA)

Laminar flow hood Bio130 A2 (Alpina, Poland)

Freeze Dryer (LaboGene, Denmark)

Zetasizer Nano (Malvern Panalytical, United Kingdom)
(PerkinElmer, USA)

Tissue culture test plates, tubes and microtubes, cell scrapers

Incubator Heracell™ 150i (Thermo Fischer Scientific, USA)

Centrifuge 5702 R (Eppendorf, Germany)

Microcentrifuge MiniSpin (Eppendorf, Germany)

Vortex mixer (VELP Scientifica Srl, Italy)

Inverted microscope IX51 (Olympus Co., Japan)

Photometer Infinite 200 Pro M Nano (Tecan Group Ltd., Switzerland)
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4.2 Depolymerization of chitosan

Chitosan samples were dissolved in 2.5% (v/v) acetic acid at a concentration of 20 mg/mL
using a magnetic stirrer for 24 hours (the chitooligosaccharides OCH1 and OCH3 were
obtained from commercial chitosan, while samples OCHS and OCH6 were prepared from
deacetylated chitosan, see Chapter 4.1). Subsequently, three additions of sodium nitrite
(NaNOy) were carried out at 45-minute intervals. Prior to each addition, ultrapure water
(UPW) was purged with a continuous flow of nitrogen gas for 15 minutes and then used to
prepare a fresh NaNO: solution at a concentration of 20 mg/mL. Each NaNO; solution was

prepared immediately before use, in separate batches for each chitosan sample.

Before each NaNO> addition, the chitosan solutions were also purged with nitrogen gas
for 15 minutes (Figure 10) to ensure inert conditions for the reaction. Between additions,
both the chitosan samples and the UPW were stored in a refrigerator, with the samples
continuously stirred throughout the process. The total volume of NaNO; solution added to
each sample was based on the desired chitooligosaccharide chain length, and was provided

by researchers at the Centre of Polymers in Zlin from previous experiments.

Figure 10 Purging of sample OCH6 with nitrogen gas prior to the addition of NaNO,.
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Following the final addition, the samples were left in the refrigerator overnight under
constant stirring to complete the depolymerization. The next day, they were filtered through
a 0.22 um syringe filter into dialysis membranes with a molecular weight cut-off of
100-500 Da, which had been pre-soaked in UPW overnight. Dialysis was performed in 2 L
of UPW, with the water replaced halfway through the process (Figure 11).

Figure 11 Dialysis of sample OCHI in ultrapure water using a membrane with a molecular
weight cut-off of 100-500 Da.

The duration of dialysis and the corresponding volume of NaNO: solution for each sample,
along with the resulting chitooligosaccharide chain lengths and molecular weights, are
summarized in Table 2. The molecular weights were provided by researchers at the Centre
of Polymers in Zlin and were determined using proton nuclear magnetic resonance

("H NMR) spectroscopy.

The samples were then freeze-dried for 72 hours. After dialysis, the solutions were
filtered again and carefully transferred drop by drop into beakers pre-cooled in liquid

nitrogen. The beakers were covered with precision wipes and placed in the freeze dryer to
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complete the lyophilization process. The dried samples were then transferred into tubes and

stored at —20 °C.

Table 2 Sample name, chain length, total volume of added NaNO,, dialysis duration and

molecular weight of all chitooligosaccharides.

Molecular
Sample Chain Total volume of NaNO» Dialysis )
_ _ weight
name length solution [mL] duration [hrs]
[g/mol]
OCH9 Nonamer 1.000 4 1479.933
OCHS Octamer 1.393 2 1289.267
OCHS5 Pentamer 1.960 2 769.681
OCH2 Dimer 5.545 2 323.295

4.3 Synthesis of colloidal particles

Samples prepared in Chapter 4.2 were dissolved in 0.01M HCI in a concentration of 10
mg/mL. Subsequently, pyrrole was added in 0.1M abundance. The reaction mixture was
placed in a water bath and was left reacting overnight at 50 °C while being stirred constantly

(Figures 10 and 11). From this point onward, the samples are labeled with an underscore

(_ppy) to indicate the addition of polypyrrole.

Figure 12 Reaction mixture five minutes after the start of the reaction. The samples from

left to right: OCH9 ppy, OCHS5_ ppy, OCHS ppy, OCH2 ppy.
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Figure 13 Reaction mixture ten minutes after the start of the reaction. The samples from
left to right: OCH9 ppy, OCHS_ppy, OCH8 ppy, OCH2 ppy.

The next day, the colloids were transferred into a dialysis membrane with a molecular weight
cut-off of 100-500 Da and dialyzed for one day in 0.01 M NaCl, followed by three days in
deionized water. The dialysis was performed in a laminar flow hood. Subsequently, the
colloids were ultracentrifuged using tubes equipped with ultracentrifugal filter units with

a 100 kDa cut-off and then stored in a refrigerator.

4.4 Characterization of colloidal particles

The concentration of the prepared colloids was determined using gravimetric analysis.
Empty microtubes were carefully labeled and weighed using an analytical balance scale.
Subsequently, 250 puL of each colloid sample was transferred into the labeled microtubes and
dried in an oven at 70 °C for 24 hours. The dried residues were then weighed, and the
concentration per 250 pL was calculated based on the difference between the initial and final

masses.

Particle size, size distribution and zeta potential were measured using a Zetasizer Nano.
The samples were diluted with UPW to a concentration of 0.25 mg/mL, filtered through
a 0.45 pm syringe filter, and transferred into a folded capillary cuvette. The cuvette was
placed into the measuring cell. The measurement settings included an equilibration time of
60 seconds, a minimum run count of 25, a maximum run count of 100, and five

measurements performed per sample.
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The UV/VIS absorbance spectra of the colloidal particle suspensions were recorded
using a UV/VIS spectrophotometer. Prior to measurement, the samples were diluted
appropriately with UPW to prevent saturation of the detector. Samples OCHI ppy,
OCH3 ppy, and OCHS5 ppy were diluted to a concentration of 0.25 mg/mL. Sample
OCH6_ppy was diluted to 1.25 mg/mL, as it contained the highest amount of polypyrrole
(being a dimer), which gave it a more intense black tint compared to the other samples.
Measurements were carried out in quartz cuvettes with a 1 cm path length. A baseline
correction was performed using UPW as a blank. Absorbance spectra were recorded in the
wavelength range of 200—800 nm, and characteristic absorbance peaks were analyzed to

assess the presence of a conjugated system to confirm colloid formation.

4.5 Biocompatibility and bioactivity evaluation

To assess the potential biomedical applicability of the synthesized colloidal particles, both
biocompatibility and bioactivity were evaluated using in vitro assays. Biocompatibility was
determined using the MTT assay on NIH/3T3 mouse fibroblasts and RAW 264.7 mouse
macrophages to evaluate cell viability in response to the colloidal formulations. Bioactivity
was assessed through nitric oxide (NO) production using the Griess reagent and the
quantification of the pro-inflammatory cytokine interleukin-6 (IL-6) via ELISA, both
performed on the RAW 264.7 macrophage cell line. These assays provide insight into the

cytotoxicity and potential immunomodulatory properties of the particles.

4.5.1 Preparation of complete DMEM

For the NIH/3T3 cell line, powdered DMEM (with Phenol Red) was used to prepare the base
medium. The powder was dissolved in ultrapure water according to the manufacturer's
instructions to achieve a final volume of 1L. Fetal bovine serum was added in
a concentration of 10% (v/v). The solution was then sterile-filtered through a 0.22 ym
membrane (Figure 14), supplemented with 1% Penicillin/Streptomycin and mixed

thoroughly.

For the RAW 264.7 cell line, the medium was prepared using the same steps but was
supplemented further with 1% sodium pyruvate (v/v) and 2mM L-glutamine. Medium
containing Phenol Red was used for the MTT assay. For the NO production assay and

ELISA, cells were cultured in medium without Phenol Red but supplemented identically.
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Figure 14 Sterile filtration of DMEM supplemented
with fetal bovine serum (FBS) using a 0.22 pm
membrane.

4.5.2 MTT assay

To evaluate the cytotoxicity of the prepared colloidal particles, an MTT assay was performed

using NIH/3T3 mouse fibroblasts and RAW 264.7 mouse macrophages.

NIH/3T3 cells for cytocompatibility evaluation were prepared by discarding the culture
medium from the flask, rinsing with PBS and trypsinizing. The same amount of DMEM as
trypsin was added, transferred into a test tube and placed in a centrifuge at 3 min/1100 RPM.
The supernatant was then removed. The cell pellet was resuspended in the culture medium

and diluted to the concentration needed.

RAW 264.7 cells were cultured on a Petri dish. For the MTT assay, the culture medium
was discarded and 2 mL of fresh medium was added into the dish. The cells were gently

scraped with a cell scraper, homogenized by repetitive pippeting and diluted as needed.

Cells were seeded into 24-well plates at a concentration of 250 x 10° cells/well and
incubated at 37 °C with 5% CO> for 24 hours to allow attachment. Afterwards, the medium

was replaced with 500 uL of fresh medium containing colloidal particles at various
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concentrations. The macrophages were treated with lipopolysaccharide (LPS) at
a concentration of 25 ng/mL in combination with the colloidal particles, serving both as
a positive control and to stimulate an immune response. Cells were incubated for an

additional 24 hours under the same conditions.

Following the treatment, the medium with samples was discarded and 500 uL. of MTT
reagent (5mg/mL in UPW, 9:1 medium:MTT solution) was added to each well and
incubated for 6 hours at 37 °C. The resulting formazan crystals were solubilized by carefully
removing the medium and adding 500 pL. of DMSO to each well. Absorbance was measured
at 570 nm using a microplate reader. The values of 690 nm were subtracted from those of
570 nm. Cell viability was expressed as a percentage relative to untreated control cells

(NIH/3T3) or cells treated with LPS only (RAW 264.7).

Figure 15 Tissue culture plate with NIH/3T3 cell line after dissolution
of formazan crystals in DMSO. Samples OCH9 ppy and OCH8 ppy
were used in this assay.



TBU in Zlin, Faculty of Technology 53

4.5.3 NO production (RAW 264.7)

To assess NO production as an indicator of macrophage activation, RAW 264.7 cells were
diluted as in Chapter 4.5.2, seeded in 24-well plates at a density of 250 x 10° cells/well and
incubated for 24 hours at 37 °C in 5% COa.. After adherence, the cells were treated with
colloidal samples diluted in DMEM without Phenol Red and LPS (25 ng/mL) and incubated

for an additional 24 hours.

After incubation, the medium from each well was transferred into microtubes and
centrifuged using a microcentrifuge to eliminate potential interference from residual colloids
in the subsequent analysis. Then, 50 pL of cell culture supernatants were transferred to a new
96-well plate, and 50 uL of Griess reagent (1:1 mixture of 1% sulfanilamide in 5%
phosphoric acid and 0.1% N-(1-naphthyl)ethylenediamine dihydrochloride) was added. The
plate was incubated at room temperature for 10 minutes, and absorbance was measured at
540 nm. Nitrite production was expressed as a percentage relative to cells treated with only

LPS.

4.5.4 1IL-6 production (RAW 264.7)

IL-6 production was measured using RAW 264.7 macrophages with a mouse IL-6 ELISA
kit according to the manufacturer’s instructions. Cells were seeded at a density of
250 x 10° cells/well in a 24-well plates and incubated overnight. The medium was then
replaced with DMEM containing colloidal samples at various concentrations and LPS. Cells

were then incubated for 24 hours.

After treatment, the culture supernatants were collected and used for IL-6
quantification. The ELISA kit was used according to the manufacterer’s instructions. First,
a 96-well plate was coated with the capture antibody, incubated overnight and washed.
Standards and samples were incubated with the detection antibody. After washing and
addition of the enzyme conjugate and substrate solution, the reaction was stopped with
a stop solution (2N H>SO4). Beetween each step, the plate was washed with a wash buffer

(0.05% Tween 20 in PBS).

Absorbance was measured at 450 nm with a reference wavelength of 570 nm using
a microplate reader, IL-6 secretion was expressed relevant to a positive control of cells

treated with LPS only.
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S RESULTS AND DISCUSSION

5.1 Characterization of colloidal particles

Colloidal  particles combining polypyrrole with four different lengths of
chitooligosaccharide chains were prepared. The synthesis was carried out without the use of
oxidizing agents, with the aim of aligning the process with the principles of green chemistry
and enhancing the potential biocompatibility of the final material. Instead of an oxidizing
agent, the functional groups of the biopolymers acted as both stabilizers and catalysts for the

formation of polypyrrole, potentially resulting in stable colloidal particles.

The first characterization method used was gravimetric analysis to determine the
concentration of particles in the colloidal system. Table 3 lists the masses of the empty
microtubes and the masses measured after water evaporation. Outlying data points were
excluded using Grubbs’ test for outliers at a significance level of a = 0.05.

Table 3 Masses of empty microtubes, masses after water evaporation, and the calculated

differences for each sample, along with their averages. Concentrations were calculated
excluding outlying values, which are marked with an asterisk (*).

. Empty Af‘Fer Difference | Average | Concentracion
Sample |Replicate drying
[mg] [me] [mg] [mg] [mg/mL]
1 1086.45 | 1088.47 2.02
2 1073.26 | 1075.39 2.13 1.96 +
OCH9Y_ppy 3 1082.69 | 1084.62 1.93 (').12 7.86
4 1072.86 | 1074.74 1.88
5 1087.12 | 1088.98 1.86
1 1086.11 1087.40 1.29
2 1082.00 | 1083.26 1.26 1974
OCHS_ppy 3 1084.03 | 1085.23 1.20 (').09 5.10
4 1088.21 1089.40 1.19
5 1087.40 | 1088.83 1.43
1 1084.03 | 1084.93 0.90
2 1086.84 | 1087.74 0.90 0.93 +
OCHS5_ppy 3 1080.03 | 1081.27 1.24* (').04 3.72
4 1088.03 | 1088.99 0.96
5 1088.55 | 1089.51 0.96
1 1088.58 | 1088.82 0.24
2 1085.80 | 1086.20 0.40 0.34 4
OCH2 ppy 3 1086.97 | 1087.25 0.28 (').09 1.36
4 1084.31 1084.88 0.57*
5 1085.60 | 1086.04 0.44
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Using the Zetasizer Nano, the hydrodynamic diameter and zeta potential were measured.
Table 4 lists the results from particle size and distribution obtained for each sample. The data
presented in are arithmetic averages of five replicate measurements of particle size and
distribution, with outliers excluded using Grubbs’ test at a significance level of a = 0.05.

Table 4 Hydrodynamic diameter (d) values and polydispersity index (PdI) for each sample.

Up to three peaks were observed in each measurement, therefore the mean and area of each
peak are included.

S | d Pl Peak Mean Peak Area

m

a p € [dnm] [dnm] [%]

OCHO9 ppy| 126.5 0.5 240.5 3.0 0.0 99.8 0.2 0.0
OCHS8 ppy| 139.0 04 241.3 3.6 0.0 974 2.6 0.0
OCHS ppy| 624 1.0 8714 4.8 2.1 71.1 21.0 8.0
OCH2 ppy| 60.6 1.0 428.6 4.7 0.5 78.9 16.1 5.0

The hydrodynamic diameters of the primary particle populations ranged from 60.6 nm
(OCH2 _ppy)to 139.0 nm (OCHS8_ppy). The smallest particles were observed in OCH2 ppy,
which was synthesized using the shortest chitooligosaccharide chain (dimer). This suggests
that shorter biopolymer chains may allow for more compact polypyrrole structures or more

efficient stabilization of smaller colloidal species.

In contrast, OCH9 ppy (nonamer) and OCH8 ppy (octamer) formed slightly larger
particles, with diameters of 126.5 nm and 139.0 nm, respectively. The size increase in these
samples could be attributed to steric effects introduced by longer chain lengths, which may

result in less efficient stabilization during pyrrole polymerization.

OCHS5 ppy (pentamer) showed a different behavior, with a significant second peak
centered at 871.4 nm, accounting for 21% of the total intensity, indicating the presence of
large aggregates or loosely associated clusters. This sample also had a high PdI value (1.0),
reflecting high polydispersity and a broad particle size distribution. This may suggest less
effective stabilization or heterogeneous polypyrrole deposition under the specific conditions

used.

The PdI values support these observations. OCH8 ppy and OCH9 ppy showed
intermediate PdI values (0.4 and 0.5), indicating moderately monodisperse systems.
OCH2 ppy, despite its small size, exhibited a high PdI (1.0), which may result from
a mixture of individual particles and small aggregates, or from inconsistencies due to its

more intense black tint compared to the other samples. Nonetheless, the main peak (78.9%)
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remained dominant, suggesting that the colloid was still largely composed of nanoscale

particles.

In all samples, the primary peaks accounted for more than 70% of the total area,
indicating that the majority of particles formed were within the nanometer size range.
However, the presence of secondary peaks in OCHS5 ppy and OCH2 ppy suggests that
aggregation may occur to a limited extent, especially in systems with shorter or more flexible

chains.

Overall, the DLS results show a relationship between chitooligosaccharide chain
length, particle size, and polydispersity, with shorter chains promoting smaller particle
formation but potentially increasing the risk of instability or aggregation. Longer chains
appear to produce larger, more stable particles, likely due to more effective steric

stabilization during polypyrrole polymerization.

In addition to hydrodynamic diameter and zeta potential, the conductivity of each
colloidal sample was recorded. Conductivity is a relevant parameter in zeta potential
analysis, as it reflects the ionic strength of the dispersion medium, which influences the
thickness of the electrical double layer surrounding the particles. Monitoring conductivity
ensures consistent measurement conditions and allows for more accurate interpretation of
colloidal stability. The values obtained helped confirm that the differences in zeta potential
were not due to uncontrolled variations in the medium's ionic environment. The data
presented in Table 5 are arithmetic averages of five replicate measurements of zeta potential
and conductivity, with outliers excluded using Grubbs’ test at a significance level of

o=0.05.

Table 5 Zeta potential and conductivity values for each

sample
Sample | Zeta potential [mV] | Conductivity [mS/cm]
OCHY ppy 154+0.3 0.0556 + 0.0012
OCHS8 ppy 13.93 £0.07 0.0582 +0.0019
OCHS5 ppy 0.53 £0.05 0.0742 + 0.0006
OCH2 ppy —0.18 +£0.03 0.1785+0.0018

The zeta potential values reveal a clear trend regarding the influence of chitooligosaccharide
chain length on particle surface charge. OCH9 ppy (nonamer) and OCHS8 ppy (octamer)
exhibited the highest positive zeta potentials: 15.4+0.3mV and 13.93+£0.07mV,

respectively. These values indicate moderate electrostatic stability and suggest effective
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surface coverage by the longer biopolymer chains, which carry positively charged amino
groups. In contrast, OCHS ppy (pentamer) showed a significantly lower zeta potential of
0.53+0.05mV, and OCH2 ppy (dimer) even exhibited a slightly negative zeta potential
(=0.18 £0.03 mV). These results indicate minimal surface charge, which correlates with the
high polydispersity (PdI = 1.0) and evidence of aggregation observed in DLS data. The

reduced electrostatic repulsion likely facilitates particle clustering in these samples.

The conductivity measurements further support these observations. OCH2 ppy, the
least stable sample with the lowest zeta potential, displayed the highest conductivity
(0.1785+0.0018 mS/cm). This suggests a greater concentration of mobile ions in the
dispersion, potentially due to weak surface binding of counterions or dissociation from
aggregated or loosely stabilized particles. OCH9 ppy and OCHS8 ppy had lower
conductivity values (0.0556 and 0.0582 mS/cm, respectively), consistent with more stable
colloidal systems where ionic species are more strongly associated with the particle surface.
OCHS_ppy showed intermediate conductivity (0.0742 + 0.0006 mS/cm), which corresponds

with its marginally positive zeta potential and partial aggregation behavior in DLS.

These findings align with the hypothesis that longer chitooligosaccharide chains
provide better electrostatic stabilization, while shorter chains may fail to effectively shield

or stabilize the polypyrrole particles.
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The UV/VIS absorbance spectra of the colloidal particle suspensions were recorded

using a UV/VIS spectrophotometer.

OCHS_ppy
4
3,5
3
© 25
]
=
-‘3 2
2 15
<
1
0,5
D ———
200 250 300 350 400 450 500 550 600 650 700 750 800
Wavelength [nm]

Figure 16 UV/VIS spectrum of sample OCH9 ppy measured at a concentration
of 0.25 mg/mL. The spectrum features a pronounced absorption peak at
approximately 290 nm and a smaller, broad peak near 475485 nm.
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Figure 17 UV/VIS spectrum of sample OCH8 ppy measured at a concentration
of 0.25 mg/mL. The spectrum shows a distinct peak near 290 nm and another
visible peak around 480 nm.
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Figure 18 UV/VIS spectrum of sample OCHS ppy measured at a concentration
of 0.25 mg/mL. A strong absorbance maximum is observed at approximately
290 nm, with a secondary, less intense peak appearing around 475 nm.
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Figure 19 UV/VIS spectrum of sample OCH2_ ppy measured at a concentration
of 0.125 mg/mL. The spectrum displays a strong absorption band near 290 nm
and a smaller, smooth peak centered around 480 nm.

UV/VIS spectroscopy was used to evaluate the optical properties of the colloidal particles
synthesized from polypyrrole and chitooligosaccharides of varying chain lengths. All
samples exhibited a prominent absorption peak near 290 nm, corresponding to n—m*
transitions within the conjugated polypyrrole backbone. This consistent feature across

samples confirms successful incorporation of polypyrrole into the colloidal systems.



60 TBU in Zlin, Faculty of Technology

A smaller, broader absorption band appeared around 475-485 nm, which is typically
associated with polaron or bipolaron states in doped polypyrrole. The presence and intensity
of this band reflect differences in the oxidation state, chain alignment, and interaction of

polypyrrole with the surrounding biopolymer matrix. (12, 68, 69)

The spectra also reflect the influence of chitooligosaccharide chain length and sample
concentration. OCH9 ppy and OCHS5_ppy, both measured at 0.25 mg/mL, showed relatively
defined peaks at 290 nm with moderate shoulders at 480 nm. OCHS8_ppy, also measured at
0.25 mg/mL, exhibited a broader absorption profile with a more noticeable secondary peak
near 480 nm, suggesting a slightly higher degree of polypyrrole conjugation or interaction
with the biopolymer. OCH2_ ppy, measured at 0.125 mg/mL, displayed the strongest relative
absorbance at 290 nm despite its lower concentration. This sample contained the highest
proportion of polypyrrole per unit of biopolymer, leading to an intense black coloration and
more prominent absorbance features. The peak at 480 nm was also defined, indicating

electronic delocalization in the polypyrrole chains.

These findings suggest that shorter chitooligosaccharide chains, such as those in
OCH2 ppy (dimer), may facilitate more efficient polypyrrole formation or better electronic
interaction, possibly due to their lower steric hindrance and greater mobility during
polymerization. Conversely, longer chains, such as in OCH9_ppy, may restrict polypyrrole

growth or alignment, resulting in slightly less pronounced electronic features.

Overall, the UV/VIS spectra indicate that chitooligosaccharide chain length influences

the optical properties and degree of conjugation of the resulting colloidal particles.

5.2 Biocompatibility and bioactivity evaluation

Firstly, the MTT assay was performed to assess the cytocompatibility of each sample. The
assay was conducted using two murine cell lines: NIH/3T3 fibroblasts and RAW 264.7
macrophages. Fibroblasts were selected due to the potential application of the prepared
conductive colloidal particles in wound healing, where restoration of the transepithelial
potential plays an important role, as discussed in Chapter 2.6.2. NIH/3T3 is a commonly
used model to assess wound healing and tissue regeneration potential. Macrophages were
employed in all biocompatibility and bioactivity assays to evaluate the immunomodulatory
effects of the particles, particularly their influence on nitrite production and interleukin-6
(IL-6) secretion. Figures 20-23 present the percentage of cell viability for NIH/3T3

fibroblasts, expressed relative to untreated control cells. Figures 24-27 show cell viability
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for RAW 264.7 macrophages, expressed relative to cells treated with LPS alone, which
served as the experimental control for immunological activation. An additional control
consisting of completely untreated macrophages was assessed to verify the baseline viability
of the cell passages used, however, these results are not included in the data discussed in this
thesis, as they served solely as a quality control checkpoint. Outliers excluded using Grubbs’

test at a significance level of a = 0.05.
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Figure 20 Cell viability of NIH/3T3 fibroblasts treated with OCH9 ppy sample, expressed
relative to untreated control cells. The red line indicates the cytotoxicity threshold at 70%
viability.
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Figure 21 Cell viability of NIH/3T3 fibroblasts treated with OCHS_ppy sample, expressed
relative to untreated control cells. The red line indicates the cytotoxicity threshold at 70%
viability.
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Figure 22 Cell viability of NIH/3T3 fibroblasts treated with OCHS_ppy sample, expressed
relative to untreated control cells. The red line indicates the cytotoxicity threshold at 70%
viability.
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Figure 23 Cell viability of NIH/3T3 fibroblasts treated with OCH2_ ppy sample, expressed
relative to untreated control cells. The red line indicates the cytotoxicity threshold at 70%
viability.

OCH9 ppy treated cells maintained high viability across all tested concentrations, with
values consistently well above 80% (Figure 20). This sample also exhibited a positive zeta
potential (15.4 mV) and a narrow particle size distribution (PdI = 0.5), suggesting a well-
stabilized and uniform colloid. These features likely contributed to the excellent
cytocompatibility observed, as stable, well-dispersed nanoparticles are less likely to induce

cellular stress or membrane damage.

OCHS8 ppy (octamer) displayed moderate cytocompatibility, with viability values
decreasing slightly at higher concentrations but remaining above 70% (Figure 21). This
sample featured low PdI (0.4) and a zeta potential of 13.93 mV, indicating good colloidal
stability. The results suggest that OCHS8 ppy is generally well tolerated by fibroblasts,
particularly at lower concentrations, making it a promising candidate for applications

requiring both conductivity and biocompatibility.

Cells treated with OCHS ppy (pentamer) retained viabilities above the cytotoxicity
threshold but showed a gradual decline at higher concentrations (Figure 22). This aligns with
the low zeta potential (0.53 mV) and high polydispersity (Pdl = 1.0) observed in DLS
measurements, indicating a tendency toward aggregation. The shorter chain length of the

pentamer may result in less effective surface stabilization, leading to particle clustering and
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mild cytotoxicity at increased doses. However, the observed concentrations were well above

the cytotoxicity threshold.

OCH2_ppy (dimer) induced the most pronounced cytotoxic response, with cell viability
dropping below 70% at concentrations >0.1 mg/mL (Figure 23). This correlates with its
negative zeta potential (—0.18 mV) and high polydispersity (Pdl = 1.0), indicating poor
colloidal stability and a high likelihood of aggregation. Its short chain length and low zeta
potential appear to compromise biocompatibility. It is possible that poorly stabilized
aggregates interact unfavorably with cell membranes or interfere with cellular metabolic

activity, particularly at higher doses.

Overall, these results confirm a relationship between chitooligosaccharide chain length,
colloidal stability, and cytocompatibility. Longer chains (OCH9 ppy, OCHS ppy,
OCHS ppy) lead to better surface stabilization, higher zeta potential, and greater
cytocompatibility. Shorter chains (OCH2 ppy) result in less effective stability, greater
polydispersity, and reduced cell viability, particularly at higher concentrations. These
findings support the use of longer chitooligosaccharide chains in the design of conductive,
biocompatible colloidal systems for biomedical applications such as tissue engineering and

wound healing.
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Figure 24 Cell viability of RAW 264.7 macrophages treated with OCH9_ppy sample and
LPS, expressed relative to cells treated with LPS only. The red line indicates the
cytotoxicity threshold at 70% viability.



TBU in Zlin, Faculty of Technology 65

110
100
90
80
70
60
50
40
30
20
10

Cell viability [%)]

OCHS8_ppy, RAW 264.7

m Control m0.05 mg/mL 0.1 mg/mL 0.25 mg/mL

Figure 25 Cell viability of RAW 264.7 macrophages treated with OCH8_ ppy sample and
LPS, expressed relative to cells treated with LPS only. The red line indicates the

cytotoxicity threshold at 70% viability.
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Figure 26 Cell viability of RAW 264.7 macrophages treated with OCHS _ppy sample and
LPS, expressed relative to cells treated with LPS only. The red line indicates the

cytotoxicity threshold at 70% viability.
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Figure 27 Cell viability of RAW 264.7 macrophages treated with OCH2 ppy sample and
LPS, expressed relative to cells treated with LPS only. The red line indicates the
cytotoxicity threshold at 70% viability.

The wviability of RAW 264.7 macrophages following exposure to polypyrrole—
chitooligosaccharide colloidal particles was calculated relative to LPS-treated control cells
to simulate an immune-stimulated baseline. A viability below 70%, marked by the red line
in Figures 24-27, is considered cytotoxic. This assay also indirectly reflects how particle

composition and physicochemical properties may influence immunocompetent cells.

As shown in Figure 24, OCH9 ppy treated macrophages maintained viability above
70% at concentrations up to 0.1 mg/mL. A slight reduction occurred at the highest
concentration (0.25 mg/mL), but cell viability remained above the threshold. The relatively
high zeta potential (15.4 mV) and low polydispersity (PdI = 0.5) indicate a stable colloid
with minimal aggregation. These properties likely contributed to the moderate
cytocompatibility observed, with minimal disruption to macrophage function at lower

concentrations.

As seen in Figure 25, OCH8 ppy induced a concentration-dependent decrease in
viability, though the decline was more gradual than that observed for OCHS5_ppy. Viability
remained above 70% up to 0.1 mg/mL, falling just below at the highest concentration. With
a zeta potential of 13.93 mV and a low PdI of 0.4, OCH8 ppy formed relatively stable

colloids. Its longer chitooligosaccharide chains likely improved surface interactions,
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resulting in better cytocompatibility compared to OCHS_ ppy, though high concentrations

may still pose a mild cytotoxic risk.

OCHS_ppy (Figure 26) exhibited marked cytotoxicity at higher concentrations, with
cell viability dropping sharply below 50% at 0.1 mg/mL and under 30% at 0.25 mg/mL.
Despite showing strong UV/VIS absorbance and good spectral characteristics, its low zeta
potential (0.53 mV) and high PdI (1.0) indicate a highly heterogeneous particle population
prone to aggregation. These aggregates may have led to enhanced cell stress or membrane
interaction, triggering cytotoxic responses at elevated doses. The moderate chain length
might have offered only limited stabilization, insufficient for macrophage compatibility in

the higher concentration range.

Among all samples, OCH2 ppy exhibited the highest cytotoxicity, with viability falling
below 70% already at 0.1 mg/mL and reaching nearly 25% at 0.25 mg/mL (Figure 27).
Although this sample showed the highest polypyrrole content based on UV/VIS intensity
and had a prominent 480 nm peak, its negative zeta potential (—0.18 mV) and high PdI (1.0)
suggest poor colloidal stability and a strong tendency toward aggregation. The very short
chain length appears insufficient for effective steric or electrostatic stabilization, making

OCH2_ppy the least biocompatible sample in this context.

These results demonstrate a clear trend linking particle stability and composition to
macrophage viability. Longer chitooligosaccharide chains (OCH9 ppy, OCHS8 ppy) offer
better stabilization, resulting in higher cell viability at lower concentrations. Shorter chains
(OCH5 _ppy, OCH2 ppy) yield less stable colloids prone to aggregation, contributing to
cytotoxic effects, particularly at higher concentrations. The zeta potential and Pdl values
reflect the viability outcomes, reinforcing the importance of surface charge and particle

uniformity in predicting biocompatibility.

The cytotoxic responses observed in macrophages, especially at higher doses, may also
relate to immune sensitivity, which differs from fibroblasts. These findings highlight the
critical role of biopolymer structure and colloidal characteristics in modulating cellular

responses in immune-relevant cell lines.

To evaluate the immunomodulatory potential of the prepared polypyrrole—
chitooligosaccharide colloidal particles, a nitrite production assay was conducted using the
Griess reagent. This colorimetric assay measures accumulated nitrite (NO2"), a stable end-

product of nitric oxide (NO), which is a key inflammatory mediator produced by activated
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macrophages. The experiment was performed on RAW 264.7 cells, a murine macrophage
cell line, which was co-stimulated with lipopolysaccharide (LPS) to mimic an inflammatory

environment. (12, 70)

The aim of this assay was to determine whether the colloidal samples enhance or
suppress NO production in comparison to LPS-stimulated controls, thereby indicating their
pro- or anti-inflammatory activity. Nitrite concentration was therefore expressed relative to
cells treated with LPS (Figures 28-31). Simiralry to MTT assay, an additional control
consisting of completely untreated macrophages was assessed to verify the baseline viability
of the cell passages used, however, these results are not included in the data discussed in this
thesis, as they served solely as a quality control checkpoint. Outliers excluded using Grubbs’

test at a significance level of a = 0.05.
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Figure 28 Nitric oxide production of RAW 264.7 macrophages treated with OCH9 ppy
sample and LPS, expressed relative to cells treated with LPS only.
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Figure 29 Nitric oxide production of RAW 264.7 macrophages treated with OCH8 ppy
sample and LPS, expressed relative to cells treated with LPS only.
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Figure 30 Nitric oxide production of RAW 264.7 macrophages treated with OCHS ppy
sample and LPS, expressed relative to cells treated with LPS only.
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Figure 31 Nitric oxide production of RAW 264.7 macrophages treated with OCH2 ppy
sample and LPS, expressed relative to cells treated with LPS only.

Figure 28 (OCH9 ppy) shows a drastic reduction in NO production across all tested
concentrations. This suggests a strong anti-inflammatory effect, potentially due to the stable
colloidal nature of OCH9 ppy and its excellent cytocompatibility observed in the MTT
assay. The longer chitooligosaccharide chains likely formed stable, well-dispersed particles

that do not activate or stress macrophages, even inhibiting LPS-induced NO production.

Figure 29 shows that OCH8 ppy, similarly to OCH9 ppy, induced a significant
suppression of NO production even at the lowest tested concentration. These results support
the interpretation that well-stabilized colloids with moderate biopolymer chain length can
reduce inflammatory signaling without impairing viability as the MTT assay confirmed that

cell viability remained above 70% up to 0.1 mg/mL.

As shown in Figure 30, OCHS5 ppy led to a moderate but concentration-dependent
reduction in NO levels, however the suppression is not as pronounced as with OCH9 ppy
or OCH8 ppy. Notably, MTT data showed substantial cytotoxicity at concentrations
>0.1 mg/mL, which likely contributes to reduced NO output at higher doses due to loss of

viable cells.

For OCH2_ ppy, as shown in Figure 31, NO production decreased only partially, with
nitrite levels remaining around 60—70% even at the highest concentration. This is consistent

with the cytotoxicity pattern observed in the MTT assay, where viability dropped sharply at
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higher doses. OCH2_ppy had the lowest zeta potential and highest PdI, indicating extremely
poor colloidal stability and likely particle aggregation. Thus, the observed moderate
suppression of NO likely reflects the effect of cytotoxicity, rather than true anti-

inflammatory activity.

These results align with earlier findings and confirm the pattern described above.
Colloidal particles with longer chains, higher surface charge, and better dispersion, show
strong anti-inflammatory activity via suppression of LPS-induced NO production. OCH5 py
demonstrates an intermediate and dose-dependent suppression. OCH2 ppy with the shortest
chitooligosaccharide chain, while somewhat suppressive, likely achieves this through cell

damage rather than beneficial immunomodulation.

The data reinforce the importance of biopolymer chain length, particle stability, and
cytocompatibility in predicting immunological responses to colloidal materials. These
findings are linked to potential applications targeting inflammation-sensitive environments,

such as tissue regeneration or immune-modulatory coatings.

To further investigate the immunomodulatory properties of the polypyrrole—
chitooligosaccharide colloidal particles, an enzyme-linked immunosorbent assay (ELISA)
was performed to quantify the secretion of interleukin-6 (IL-6) by RAW 264.7 macrophages.
IL-6 is a key pro-inflammatory cytokine produced in response to immune stimuli such as
lipopolysaccharide (LPS) and serves as a marker of macrophage activation and inflammatory

signaling. (70, 71)

Cells were stimulated with LPS in the presence of colloidal samples at various
concentrations. This assay complements the nitric oxide (NO) production data and provides
additional insight into how the particles may influence cytokine-mediated immune
responses. IL-6 concentration was expressed relative to cells treated with LPS only (Figures

32-35).
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Figure 32 IL-6 secretion of RAW 264.7 macrophages treated with OCH9 ppy
sample and LPS, expressed relative to cells treated with LPS only.
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Figure 33 IL-6 secretion of RAW 264.7 macrophages treated with OCHS_ppy
sample and LPS, expressed relative to cells treated with LPS only.
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Figure 34 IL-6 secretion of RAW 264.7 macrophages treated with OCHS_ppy
sample and LPS, expressed relative to cells treated with LPS only.
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Figure 35 IL-6 secretion of RAW 264.7 macrophages treated with OCH2_ ppy
sample and LPS, expressed relative to cells treated with LPS only.

As shown in Figure 32, IL-6 levels with OCH9 ppy were strongly suppressed in
a concentration-dependent manner, dropping to approximately 20% of the LPS control at the

highest dose. This aligns with earlier results showing strong NO suppression. These findings
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suggest that OCH9 ppy does not trigger inflammatory signaling and may even exhibit anti-

inflammatory properties.

IL-6 levels for OCHS8 ppy (Figure 33) also showed a consistent and strong reduction,
comparable to OCH9. Given that the MTT assay indicated good cytocompatibility up to
0.1 mg/mL, this supports the conclusion that OCH8 ppy is non-immunogenic and likely

anti-inflammatory.

Figure 34 (OCHS5 ppy) demonstrates a gradual decrease in IL-6 secretion with
increasing concentration. At lower doses, the reduction may reflect a mild
immunomodulatory effect, but at higher doses (0.1 and 0.25 mg/mL), this is likely influenced
by cytotoxicity, as shown in the MTT assay, where cell viability dropped well below 50%.
The suppression of IL-6 here may therefore result from cell loss rather than true inhibition

of immune signaling.

Unlike the other samples, OCH2 ppy (Figure 35) showed only a moderate reduction in
IL-6 levels, remaining above 70% at lower concentrations. These findings align with the
moderate NO suppression and clear cytotoxicity from the MTT assay. The weaker effect on
IL-6 is likely due to the instability of this sample (low/negative zeta potential, high Pdl),
which results in partial immune activation at lower doses and cell damage-induced

suppression at higher concentrations.

The IL-6 results reinforce the trends observed in both the MTT and NO assays. These
data again underline the importance of biopolymer chain length, colloidal stability, and
cytocompatibility in modulating inflammatory responses, supporting the use of longer

oligosaccharides in the design of immunologically safe, biofunctional colloidal systems.
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CONCLUSION

The goal of this thesis was to synthesize colloidal particles combining polypyrrole and
chitooligosaccharides using an oxidant-free approach, and to assess their physicochemical
characteristics, biocompatibility, and immunomodulatory potential. The theoretical part
provided essential context for understanding the behavior of such hybrid materials. It first
addressed the stability and characterization of colloidal systems, including stabilization
mechanisms, the electrical double layer, and the use of microscopy and light scattering
techniques. The section on conducting polymers focused on their synthesis (chemical and
electrochemical), doping mechanisms, and their relevance in biomedical applications,
particularly for wound healing and tissue engineering. Lastly, the biopolymer section
examined biopolymer classification, biocompatibility, biodegradability, and the specific
properties of chitosan and chitooligosaccharides, including their antioxidant, antimicrobial,

and immunomodulatory effects.

The aim of the analysis was to prepare and characterize colloidal particles composed of
polypyrrole and chitooligosaccharides of varying chain lengths, and to evaluate their

physicochemical properties, cytocompatibility, and immunomodulatory effects in vitro.

Dynamic Light Scattering (DLS) analysis revealed that the colloidal stability and size
distribution were strongly influenced by chitooligosaccharide chain length. Particles
prepared with longer chains (OCH9 ppy — nonamer, and OCH8_ppy — octamer) displayed
intermediate size distributions (PdI < 0.5), moderate average diameters, and positive zeta
potentials (approximately 13—15 mV), indicative of well-dispersed and electrostatically
stable systems. In contrast, samples with shorter chains (OCHS ppy — pentamer, and
especially OCH2 ppy — dimer) were characterized by high polydispersity, lower or even

negative zeta potentials, and likely a strong tendency to form aggregates.

The UV/VIS spectra confirmed the successful incorporation of polypyrrole across all
samples, with characteristic absorbance peaks near 290 nm and additional features around
480 nm depending on polymer content. Notably, OCH2 ppy showed the most intense

absorption, correlating with its higher polypyrrole content.

Cytocompatibility, assessed via MTT assay, demonstrated that OCH9 ppy and
OCHS8 ppy maintained high viability in both NIH/3T3 fibroblasts and RAW 264.7
macrophages across all tested concentrations, indicating low cytotoxicity and good cellular

tolerance. In contrast, OCHS5 ppy showed dose-dependent cytotoxicity, and OCH2 ppy
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significantly reduced cell viability, particularly in macrophages, with values falling below
the 70% cytotoxicity threshold even at lower concentrations. These results suggest that

colloidal stability and biopolymer chain length are critical for biocompatibility.

Immunomodulatory activity was investigated through NO production (Griess assay)
and IL-6 secretion (ELISA) in RAW 264.7 macrophages. Samples OCH9 ppy and
OCHS8 ppy caused strong suppression of both NO and IL-6 levels, indicating anti-
inflammatory or biologically inert behavior, likely due to their stable, well-dispersed
structures and minimal interaction with inflammatory pathways. OCH5 ppy led to partial
suppression of these markers, especially at higher doses, although this was likely attributable
to cytotoxicity rather than true immunoregulation. OCH2_ppy showed minimal suppression
of NO and IL-6 at lower concentrations and more pronounced reductions at higher
concentrations, likely corresponding with a loss of viable immune cells due to colloidal

instability and particle aggregation, similalry to OCHS_ppy.

In conclusion, this study demonstrates that the chain length of chitooligosaccharides
used to stabilize polypyrrole colloidal particles plays a critical role in determining
physicochemical stability, cellular compatibility, and immune response. The nonamer- and
octamer-based systems (OCH9 ppy and OCHS8 ppy) emerged as the most promising
candidates for further biomedical application, offering a favorable balance between
conductive functionality, biocompatibility, and immunological safety. These findings
highlight the potential of oxidant-free, green synthesis strategies for creating biofunctional

colloids tailored for use in tissue engineering, drug delivery, or wound healing platforms.
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