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Abstract

This thesis focuses on the development of supramolecular biocompatible polymer
nanosystems for biomedical applications. Infectious diseases and inflammation pose
significant challenges today, further exacerbated by the increasing prevalence of
antibiotic resistance. Motivated by these urgent issues, this work aims to address these
challenges comprehensively through the use of advanced polymeric systems. The thesis
is organized into three main objectives, each targeting a specific aspect of this overarching
problem. The first part of the thesis involves the design and characterization of block
copolymers based on poly(ethylene oxide)-b-poly(e-caprolactone), with a modification to
the hydrophobic segment by introducing a second monomer, y-butyrolactone. This
modification aims to tailor the copolymer's biological behavior, particularly its enzymatic
degradation, to optimize it for use as a drug delivery system for the antibacterial antibiotic
rifampicin. The second objective explores the self-assembly behavior of chloroxine, an
antimicrobial drug, focusing on the preparation of stable nanocrystalline particles via
precipitation using polymeric non-ionic surfactants. This approach is intended to enhance
the solubility and bioavailability of chloroxine, thereby improving its therapeutic efficacy.
The third part of the thesis is dedicated to the development of a polymer-based
potentiometric sensor designed for in situ detection of inflammation-related reactive
oxygen species (ROS). The sensor features a layer composed of porphyrin cores linked by
bis(thiophene) bridges, with metal ions embedded within the porphyrin structure. The
entire sensor layer is shielded by covalently bonded poly(2-methyl-2-oxazoline) to
prevent the adsorption of serum proteins. Upon exposure to specific ROS, the sensor
exhibits a measurable change in electrical potential, with sensitivity sufficient to detect
the early stages of inflammation and infection. This thesis presents a comprehensive
approach to the development of polymer-based nanosystems for the treatment and
detection of infectious diseases and inflammation, addressing key challenges in modern

medicine.

Key words: controlled polymerization, self-assembly, nanoprecipitation, enzymatic

degradation, antibacterial drug delivery, early detection of inflammation



Abstrakt

Tato prace se zaméruje na vyvoj supramolekularnich biokompatibilnich polymernich
nanosystémil pro biomedicinské aplikace. Infekéni onemocnéni a zanéty predstavuji v
soucasné dobé znacnou vyzvu, kterou jesté zhorSuje rostouci vyskyt rezistence vici
antibiotikiim. Tato prace, motivovana témito naléhavymi problémy, si klade za cil feSit
tyto vyzvy komplexné pomoci pokrocilych polymernich systémi. Prace je rozdélena do
tii hlavnich cildi, z nichZ kazdy se zaméruje na specificky aspekt tohoto zastiesujiciho
problému. Prvni ¢ast prace zahrnuje navrh a charakterizaci blokovych kopolymert na
bazi poly(ethylenoxid)-b-poly(e-kaprolakton) s modifikaci hydrofobniho segmentu
zavedenim druhého monomeru, y-butyrolaktonu. Cilem této modifikace je upravit
biologické chovani kopolymeru, zejména jeho enzymatickou degradaci, a optimalizovat
jej pro pouziti jako systém pro podavani antibakterialniho antibiotika rifampicinu. Druhy
cil zkouma samoskladné chovani chloroxinu, antimikrobialniho lé¢iva, se zamérenim na
pripravu stabilnich nanokrystalickych ¢astic srazenim pomoci polymernich neiontovych
povrchové aktivnich latek. Tento pristup ma zvySit rozpustnost a biologickou dostupnost
chloroxinu, a tim zlepSit jeho terapeutickou ucinnost. Treti ¢ast prace je vénovana vyvoji
potenciometrického senzoru na bazi polymeru urceného k detekci in situ reaktivnich
forem kysliku (ROS) souvisejicich se zanétem. Senzor obsahuje vrstvu sloZenou z
porfyrinovych jader spojenych bis(thiofenovymi) miistky, pricemZ ionty kovi jsou
zabudovany do porfyrinové struktury. Cela vrstva senzoru je stinéna kovalentné vazanym
poly(2-methyl-2-oxazolinem), aby se zabranilo adsorpci sérovych proteinii. Po vystaveni
specifickym ROS senzor vykazuje méritelnou zménu elektrického potencialu s citlivosti
dostate¢nou k detekci ¢asnych stadii zanétu a infekce. Tato prace predstavuje komplexni
pristup k vyvoji nanosystémii na bazi polymerti pro lécbu a detekci infekénich

onemocnéni a zanétu, ¢imz resi kliCové problémy moderni mediciny.
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Klicova slova: rizend polymerizace, samousporadani, nanoprecipitace, enzymaticka

degradace, rizené uvoliovani antibakterialnich 1éki, rana detekce zanétu
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1. Theoretical Part

1.1.Biocompatible polymers
The earliest known evidence of using artificial materials as tooth replacements dates back to the
2nd and 6th centuries AD? 2, respectively. However, the systematic introduction of artificial tools
into the human body for treating diseases or health disorders began only about 70 years ago.
Today, a wide range of materials is utilized in various medical applications, with polymer science
serving as a crucial link between material science and life sciences.3 Additionally, a plethora of
new, well-defined nano-objects made from polymers are being developed for biomedical
purposes. As a result, self-assembled nanostructures based on biocompatible polymers are being
intensively studied, leading to new approaches not only for targeted treatments* 5 but also for

diagnostics. 67

The production of polymeric materials for the medical industry increases every year, with the
global biomaterials market size estimated at USD 106.5 billion in 2019.8 This market includes
materials used in cardiovascular medicine (stents, guidewires, vascular grafts), ophthalmology
(synthetic corneas, intraocular and contact lenses), dentistry and orthodontics (tissue
regeneration materials, dental membranes), orthopedics (joint replacement biomaterials,
bioresorbable tissue fixation products, viscosupplementation, spine biomaterials), wound

healing, tissue engineering, plastic surgery, neurology, and more. 8

Of particular interest are biocompatible polymers—polymeric materials that do not produce toxic
or immunological responses when exposed to the body. These materials can be either natural or
synthetic in origin. They are often categorized into groups based on their solubility in water
(soluble vs. insoluble) or according to specific properties essential for their intended use, such as
degradability or conductivity. The structures of the most relevant biocompatible polymers for this

work are shown in Figure 1.
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Figure 1: Examples of biocompatible polymers.

1.1.1. Water-soluble polymers

Poly(ethylene oxide) (PEO), also commonly referred to as poly(ethylene glycol) (PEG), has
become widely used in many commercial applications.? PEO is particularly valued in medical
applications due to its solubility in both water and organic solvents, and its hydroxyl end groups
can be easily modified. Once functionalized, water-soluble PEO can be conjugated to drugs to
extend their pharmacokinetic profiles, a process known as PEGylation.10 11 A structurally similar

polymer, poly(propylene oxide) (PPO), shares many properties with PEO, but its solubility

10



decreases significantly as its molar mass increases. As a result, PPO is often combined with PEO

in block copolymers, which function as excellent surfactants.!2

Despite the promising applications of PEO in medicine, concerns about its biocompatibility have
arisen. Studies suggest that the intensive use of PEO may lead to potent immunogenicity, and
widespread use of PEO-based nonionic surfactants in everyday products such as soaps, shampoos,
and cleaners has contributed to the presence of anti-PEO antibodies in a significant portion of the
Western population.!3. 14 Consequently, alternatives have been sought, and water-soluble
polyoxazolines, particularly poly(2-methyl-2-oxazoline) (PMeOx) and poly(2-ethyl-2-oxazoline)
(PEtOx), have gained attention.15 16 These polymers are easily produced through the cationic ring-
opening polymerization (ROP) of 2-alkyl-2-oxazolines. The polymerization scheme for this chain-
growth process is illustrated in Figure 2. Hydrophilic materials are obtained when methyl

(PMeOx) or ethyl (PEtOx) groups are present at the position labeled "R" in the scheme.

R R o) R
)\ initiation .fek propagation T X termlnatlon Y
\ ? ¢ )R\ u(° e

Ty
@ initiator
@ termination agent

Xe counter ion

Figure 2: Mechanism of cationic ROP of oxazolines.

It is also noteworthy that telechelic polyoxazolines can be produced by selecting appropriate
initiators (shown in purple in Figure 2) and termination agents (shown in pink in Figure 2). This
allows for a wide range of post-polymerization modifications to meet specific needs. Compounds
with excellent leaving groups, such as aliphatic brominated hydrocarbons or organic tosylates or
triflates, are typically used as initiators. It is crucial to avoid moisture during polymerization, and

the polymer chain can be terminated by an intentionally added nucleophile.”

Another important biocompatible, water-soluble polymer is poly(N-(2-
hydroxypropyl)methacrylamide) (PHPMA, structure shown in Figure 1), which is produced
through controlled free radical polymerization of N-(2-hydroxypropyl)methacrylamide. This
well-documented polymer is frequently used in nanomedicine.!8 In addition to copolymerization

with suitable functional comonomers, PHPMA can be easily modified due to the hydroxyl groups

11



along its polymer chain, offering opportunities for tailored applications such as polymer-drug

conjugates, imaging polymers, nanoaggregates, micelles, and polymerosomes.19 20

N-vinylpyrrolidone is another monomer capable of undergoing controlled free radical
polymerization to produce a water-soluble polymer known as poly(N-vinylpyrrolidone) (PVP,
structure shown in Figure 1. Like other water-soluble polymers, PVP is being studied for various
applications, depending on the specific arrangements and modifications of its molecular chains.2!
Additionally, the brown complex formed by PVP with iodine is widely used in surgical procedures

as a disinfectant for the skin.22

1.1.2. Biodegradable polyesters
Aliphatic polyesters represent the largest group of biodegradable polymers today.23 These
compounds are primarily sourced through either biotechnological production by bacteria or

conventional chemical synthesis.

Bacterial aliphatic polyesters are mainly represented by polyhydroxyalkanoates (PHAs). While
PHAs degrade effectively in the presence of certain microorganisms with active esterases, their
biodegradability in human tissue remains questionable due to the lack of specific enzymes. The
most well-known PHAs are poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxyvalerate) (PHV).
Additionally, copolymers can be produced depending on the bacterial species and growth
conditions. The general chemical structure of PHAs is illustrated in Figure 3 (PHB when R =

methyl group, PHV when R = ethyl group).

Figure 3: General formula of polyhydroxyalkanoates PHB if R = -CHs, PHV if R = -C,Hs).

Beyond biotechnological production, chemical synthesis is also of great interest, particularly the
ring-opening polymerization (ROP) of lactones, which allows for the production of polymers with
desirable molar masses and narrow dispersity.2* A wide range of catalysts can be used, as ROP of
lactones can proceed via three different mechanisms: anionic, cationic, and coordination-
insertion.> In some cases, ROP can be initiated by heating alone. Additionally, isolated enzymes,

most often lipases, can convert lactones into low-molecular-weight polyesters.

Biodegradability is a highly valued property of these compounds. The ester bonds in the polymer
backbone undergo slow hydrolytic scission, with the reaction rate dependent on various material

properties, including monomer structure, molar mass, hydrophobicity, crystallinity, phase

12



microstructure, and material processing.26 Moreover, human esterases, particularly lipases, can
selectively cleave ester bonds, accelerating the degradation process. As a result, these materials

have found widespread use in medical applications, such as surgical sutures.??
Polymer erosion

There are two main mechanisms of polymer degradation: bulk erosion and surface erosion. Bulk
erosion occurs when the material degrades uniformly throughout its entire volume, whereas
surface erosion is characterized by a significantly higher degradation rate at the surface. While

most materials experience both forms of degradation, one mechanism typically dominates.28

As mentioned earlier, polyesters undergo both hydrolytic and enzymatic degradation. Generally,
hydrolytic degradation of polyesters tends to follow the bulk erosion mechanism, while enzymatic
degradation proceeds more by surface erosion. Understanding these mechanisms allows for the

design of material structures tailored to specific applications.2?

Enzymatic degradation is inherently dependent on the activity and substrate specificity of the
respective enzymes. There is a significant difference between intracellular and extracellular
esterases, with relatively higher lipase activity found in lysosomes within the intercellular space.
These lipases tend to fuse with vesicles formed by phagocytosis and endocytosis, where the

vesicle contents are digested by lysosomal enzymes.

This natural phenomenon can be considered when developing new drug delivery strategies or

enhancing pharmacokinetics.28. 30

1.1.3. Conductive polymers
Conductive polymers exhibit significant electrical (semi)conductivity, making them vital in
various applications. Examples of conductive polymers include polythiophene and polyaniline,
whose structures are shown in Figure 1, as well as polyacetylene, polypyrrole, and poly(p-
phenylene). The key to their electrical conductivity lies in the system of conjugated bonds, along
with the presence of mobile charge carriers, such as electrons and holes.3! It has been
demonstrated that polymeric materials with varying levels of conductivity can be synthesized.32-
34 In Figure 4, the conductivities of different conventional materials are compared with those of

conductive polymers.

One of the most important characteristics shared by conductive polymers and conventional
inorganic semiconductors is their ability to increase conductivity through doping. However,
doping organic polymers involves the partial oxidation or reduction of the polymeric chain. Each

oxidation state of a specific polymer exhibits a characteristic reduction potential. For instance, in
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doped polyacetylene, shown in Figure 4, dopants such as iodine, lithium, silver perchlorate, and
others have been successfully used.3> It has been established that using specific dopants can

increase the conductivity of certain polymers by several orders of magnitude.

Another example is protonated polyaniline, which highlights the importance of doping in
achieving conductivity in organic polymers. The non-protonated form of polyaniline exhibits such

low conductivity that it is considered an insulator.
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Figure 4: Comparison of conductivity between inorganic compounds and organic polymers.3! In
summary, conductive polymers have expanded the range of semiconductor materials used in

electronics, including applications such as sensors.36

1.2. Polymer architectures

There are numerous ways to modify the chemical structure and topology of polymers to achieve

desired properties in the final product. This is a crucial task for polymer scientists, who

14



continually seek to discover optimal solutions for specific applications. Generally, these properties
can be adjusted through copolymerization, where two or more monomers are combined,
leveraging the strengths of each homopolymer. Additionally, the properties can be finely tuned by
employing various copolymerization strategies. The most common copolymer structures are
shown in the upper part of Figure 5. It is important to note that even when the chemical
composition of two linear copolymers is identical, the arrangement of repeating units can

significantly influence the material's final properties.3”

polymer composition

homopolymer

statistical copolymer

periodic copolymer

gradient polymer

block copolymer

polymer topology
ONNNNN NSNS
linear polymer
graft polymer
star polymer
branched polymer polymer network

Figure 5: Common copolymer architectures.38 39

Polymer structures can be further modified by introducing a node where three or more chains
converge. The most common polymer architectures that meet this criterion are depicted in the

lower part of Figure 5. This approach can significantly alter material properties. For instance,
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viscosity, a critical property, changes with the number of nodes in a polymer's architecture. As the
number of branches increases in a polymer structure with the same overall molecular weight, the

viscosity of the solution or polymer melt decreases.*?

There are three main types of polymer architecture: linear, branched, and network architectures,
each with several subtypes, as shown in Figure 5. For example, the properties of a linear polymer
can be easily modified by changing its molar mass. This is evident when comparing industrially
produced high-density polyethylene (HD-PE, 200-500 kDa) with ultra-high-molecular-weight
polyethylene (UHMWPE, 4-6 MDa). Due to its higher molar mass, UHMWPE has a very low
coefficient of friction and high mechanical strength, making it ideal for use in orthopedic joint
replacements.4! In general, linear polymers tend to have higher densities and melting points
compared to branched polymers. Polymer networks, which have complex 3D structures, cannot
be characterized by molar mass but rather by crosslink density. Networks with high crosslink
density are rigid, while those with low crosslink density are known for their swelling behavior,

and when swollen with water, they are referred to as hydrogels.

The author of this thesis has summarized the most widely used strategies for polyesters in a

review article, which is included in the Appendix 1.38

1.2.1. Block copolymers
Among the various types of designed polymer structures, block copolymers stand out as
exceptional tools for combining entirely different polymers to create new materials with unique
properties. Block copolymers consist of two or more chemically distinct and often immiscible

segments, or "blocks," that are covalently bonded together.*2

There is also an intermediate structure between random copolymers and block copolymers,
known as gradient copolymers. The structural differences between these types are illustrated in
Figure 5. In gradient copolymers, the glass transition temperature breadth changes significantly.
Unlike block copolymers, which typically display two distinct peaks in differential scanning
calorimetry (DSC) spectra, gradient copolymers exhibit a single broadened peak.*3 Additionally,
gradient copolymers tend to have a higher critical micelle concentration (CMC) compared to block

copolymers with the same chemical composition.*+

1.3. Self-assembled polymeric systems

Self-assembly is a phenomenon in which an initially disordered system of polymer chains
spontaneously organizes into a well-ordered structure due to local noncovalent interactions

among the components or between the components and the solvent. The strengths of these
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noncovalent interactions are listed in Table 1 and compared to the typical values for covalent

bonds.45

Table 1: Energy of different types of chemical bonds and interactions.*>

Bond/interaction Energy (kJ-mol-1)
Covalent bond 100-400

Ion-ion interaction 200-300
Ion-dipole interaction 50-200
Dipole-dipole interaction 5-50

Hydrogen bond 4-120

Cation-m interaction 5-80

Ti-Tt interaction 0-50

Van der Waals interaction <5

Hydrophobic effect entropy driven

Supramolecular chemistry, the field that studies these self-assembling processes, is relatively
new, with its conceptual foundation established in the 1960s. During that time, chemists from
various disciplines began exploring how molecules interact with their surroundings and with each
other, leading to systematic research in this area. This research has attracted not only (bio)organic
chemists and general and physical chemists but also material scientists, particularly those

focusing on the self-assembly of specific polymers.#6

Self-assembled systems are ubiquitous in nature and gain functionality through hierarchical
organization. Notable examples include cytoplasmic membranes and the formation of virions.
These natural systems have inspired a wide range of scientists interested in biomimetics and

bionics.4?

Focusing on man-made polymeric self-assembled structures, several important nanostructures
can be easily prepared. These structures are generally classified into 3D nanoobjects (e.g.,
nanoparticles, micelles, polymerosomes), 2D nanoobjects (e.g., nanofilms, bilayers), and 1D
objects (e.g., nanofibers, nanotubes). The unique self-assembly of these supramolecular structures
is often driven by the amphiphilic properties of the molecules, as well as their specific structure

and geometry.
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The final shape of these self-assembled structures is commonly predicted using the critical
packing parameter (Cpp), which is defined by Equation 1 and the value predicts the aggregate
morphology:

Cpp = A1 €Y

where:

- Vis the effective volume occupied by the hydrophobic chain,
- Ais the effective hydrophobic headgroup surface area,

- I.is the maximum effective length of the molecule.

When the critical packing parameter Cpp is less than 1/3, the structure typically forms a spherical
micelle. As Cppincreases to between 1/3 and 1/2, the structure usually transitions to a cylindrical
micelle. When Cpp falls between 1/2 and 1, a bilayer vesicle is formed. As Cpr approaches 1, the
structure tends to become lamellar. If Crp exceeds 1, the formation of inverse micelles is likely.45
The typical shapes corresponding to these Cpp values are shown in Figure 6.
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Figure 6: Relationship between molecular shape and resulting supramolecular structure.*8
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1.4. Characterization methods of self-assembled polymeric systems
The complexity and heterogeneity of the self-assembly phenomenon require detailed structure
analysis, as evident in the experimental part. Below, the selected methods are discussed more in

detail.

1.4.1. Scattering methods
Scattering methods are essential for studying nanoscale materials, providing critical insights into
their structure, size, shape, and properties. These techniques exploit the interaction between
electromagnetic waves and matter, particularly effective when the particle size is comparable to
the wavelength of the radiation used. Light, X-rays, and neutron beams are commonly employed
in these methods, each offering unique information about the material. Light scattering, in
particular, is useful for analyzing particle size, shape, and molecular weight, while X-ray and
neutron scattering reveal detailed internal structures. These methods are vital tools in materials

science, biology, and nanotechnology, enabling a deeper understanding of the nanoscale world.*?

1.4.1.1. Staticlight scattering (SLS)
In macromolecular solutions, light scattering intensity increases compared to pure solvent due to
additional local optical inhomogeneities given by the presence of polymer molecules. The
intensity of scattered light is influenced by factors such as molecular weight, concentration, and

the refractive index increment, which together determine the scattering behavior of the solution.59

To simplify the analysis, the Rayleigh ratio Ry is introduced, which accounts for the intensity of
scattered light, the distance from the detector, and the properties of the solution. This ratio is
essential for interpreting light scattering data and is particularly useful for studying diluted
solutions of small macromolecules, enabling the determination of molecular weight and solution
behavior through scattering experiments. The relationship is mathematically expressed by the

following Equation 2:

B Ig-7? 3 K-c
"Iy (14 cos?20) 1

Rg (2)

+2'A2'C

|

where:

- Rgisthe Rayleigh ratio, representing the intensity of light scattered by the solution relative
to the incident light,
- Ipis the intensity of light scattered at an angle 6,

- ris the distance from the detector to the sample,
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- Ipis the intensity of the incident light beam,

- Kis the optical constant, defined as:

2

K_Z-nz-no ((Sn)z 3
= & 3)

where:

- ngis the refractive index of the solvent,

- Nyis Avogadro's number,

- Agis the wavelength of light in a vacuum,

- 6n/éc is the refractive index increment, indicating how the refractive index changes with

concentration,

- cis the concentration of the solute (macromolecules) in the solution,
- Mis the molar mass of the macromolecules,
- A is the second virial coefficient, which accounts for interactions between

macromolecules in the solution.

When large particles are present in a solution, light scattering becomes more complex due to
intramolecular interference, which causes the scattered light to vary significantly with the angle
of observation. This angular dependence requires the introduction of a form factor Py to accurately
describe the scattering pattern, as expressed in Equation 4:

Ry

Py =

4)

where:

- Rgis the Rayleigh ratio at a specific scattering angle 6,
- Ry is the Rayleigh ratio extrapolated at 6=0° where there is no interference and the

scattering is isotropic.

The Rayleigh ratio Rg is no longer uniform and depends on both the size and shape of the particles.
As the particle size increases, the scattering intensity and interference patterns become more
pronounced, necessitating more detailed calculations to determine parameters such as the radius

of gyration. These factors make the analysis of large particles more intricate compared to smaller
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ones. Despite these complexities, this type of measurement can still be valuable for characterizing

larger particles, such as nanoparticles.49. 50

i | c c
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Figure 7: Zimm Plot: Yellow dots represent the measured data points, blue dots indicate the
extrapolation to zero angle, green dots show the extrapolation to zero concentration, and the red

dot marks the intercept at zero angle and zero concentration.*?

The Zimm plot shown in Figure 7 is a graphical method used in static light scattering to determine
key properties of macromolecules and nanoparticles in solution, such as molecular weight M, the

second virial coefficient Az, and the mean square radius of gyration R,. By plotting the scaled
scattering intensity % against the combined variable sin? (g) + k - ¢, where k is an adjustable
2]

parameter, and performing a double extrapolation to zero angle and zero concentration, these
properties can be extracted. The intercept at zero angle and concentration provides the molecular
weight M, the slope at zero angle gives the second virial coefficient Az, and the slope at zero
concentration yields the mean square radius of gyration Ry. This plot is crucial for characterizing
the size, shape, and interaction behavior of polymers and nanoparticles in solution, making it a

versatile tool in the study of various particulate systems.

1.4.1.2. Dynamic light scattering (DLS)
Another light scattering technique used to determine particle size is dynamic light scattering
(DLS), often referred to as Quasi-elastic light scattering (QELS) due to its reliance on nonelastic
scattering. This method is widely employed for the detection and characterization of
nanoparticles in solution or colloidal suspension, making it particularly valuable in

supramolecular science.

21



The principle of DLS is based on the fact that larger particles move more slowly than smaller ones
when considering only Brownian motion. When the light scatters off particles at two different
time intervals, the distances to the detector vary, leading to fluctuations in the intensity of the
scattered light. These intensity fluctuations are slower for larger particles and faster for smaller
particles. By analyzing these fluctuations using autocorrelation, the time autocorrelation function
can be determined, which indicates how quickly the intensity changes occur. Once the
autocorrelation function is known, the diffusion coefficient D of the dispersed particles can be
calculated. For spherical particles, the hydrodynamic diameter Dy can be determined using the

following Equation 5:

k-T

“ 3119 D ®)

Dy

where:

- kis the Boltzmann constant,
- Tthe temperature,

- nothe viscosity of the solvent.

DLS can also be applied to nonuniform systems, although interpreting of the autocorrelation
function is more complex in these cases. However, the average value of Dy and its dispersity can

still be determined. For uniform systems, the dispersity of Dy is equal to zero.

Additionally, combining results from SLS and DLS, provides further insight into particle topology.
The ratio of radius of gyration Ry and hydrodynamic radius R offers a rough estimate of particle

shape. Table 2 summarizes the typical Ry/ Ry ratios for different particle morphologies:

Table 2: The particles' morphologies and their typical Ry/ R, ratios.*?

topology Ry /Ry ratio
homogenous sphere 0.775
hollow sphere 1

ellipsoid 0.775-4
random polymer coil 1.505

In the context of DLS, zeta potential is a critical parameter that provides insight into the stability

of colloidal dispersions. Zeta potential quantifies the electrostatic potential at the slipping plane
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of particles, which is crucial for understanding their stability and interactions within the
dispersion. The zeta potential arises from the electrical double layer surrounding the particles,
which consists of a charged layer adjacent to the particle surface and a diffuse layer extending into
the surrounding medium. High absolute values of zeta potential, either positive or negative,
generally indicate a strong electrostatic repulsion between particles, suggesting enhanced
stability and reduced propensity for aggregation. Conversely, low zeta potential values imply
weaker electrostatic interactions, which can lead to particle agglomeration and system instability.
Therefore, while DLS provides valuable information on particle size, incorporating zeta potential
measurements offers a more comprehensive assessment of the colloidal system's stability and

behavior, aiding in the formulation and optimization of various nanoparticle-based applications.**

51

1.4.1.3. Scattering of X-rays and neutrons
The X-rays are well-known for their use in analyzing materials with crystalline structure, but they
can also be effectively employed in the study of colloidal dispersed systems. The primary
difference between light and X-ray scattering lies in their wavelengths, leading to distinct
interactions with matter. The higher frequency of X-rays allows them to scatter off electrons,
providing higher resolution. Compared to light scattering, X-ray scattering offers several
advantages including the ability to determine not only molar mass M, the second virial coefficient
Az and radius of gyration R, but also additional geometrical parameters that more precisely
describe the shape of dispersed particles. Additionally, X-ray scattering can be used to analyze

optically nontransparent samples.

The Small-Angle X-ray Scattering (SAXS) is the most commonly used technique for measurements
of colloidal solutions. In SAXS, scattered X-rays are detected at very small angles, typically within
a few angular minutes, enabling the examination of particles with dimensions ranging from 1 to

100 nm.52

Neutron scattering shares many similarities with X-ray scattering. However, unlike X-rays,
neutrons do not scatter off electrons but interact with atomic nuclei. Therefore, the nuclear
properties of the sample are crucial, characterized by neutron scattering coherent length, often
referred to simply as the scattering length B. There is a significant difference in B between protium
on one side, and deuterium and other atoms commonly found in soft matter (C, N, O). By
combining non-deuterated and deuterated materials, the contrast between components of the
system can be varied, allowing for a detailed description of the structure of investigated particles
such as hydrophobic cores and hydrophilic coronas. Moreover, neutron scattering does not

require very diluted solutions. The instrumentation is similar to SAXS and is known as Small-Angle
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Neutron Scattering (SANS). However, due to the need of a sufficiently intense neutron source

(typically a nuclear reactor), this method is less widely available.52

1.4.2. Asymmetric flow field flow fractionation (A4F)
Asymmetric flow field flow fractionation (A4F) is a widely used separation and characterization
technique for nanoparticles, offering several advantages over traditional methods like size
exclusion chromatography (SEC). Unlike SEC, which relies on a stationary phase to separate
macromolecules, A4F utilizes a vertical flow of liquid to achieve separation. In A4F, particles are
separated based on their size and diffusion coefficients; smaller particles with higher diffusion
coefficients are detected earlier than larger ones. This method is particularly effective for
detecting and analyzing particles in a broader range of dimensions, making it a powerful tool in

nanoparticle research.

1.4.3. Electron microscopy
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) are powerful
analytical techniques that utilize the properties of electrons to image very small objects. Unlike
classical optical microscopy, which uses photons for imaging, SEM and TEM use electrons,
allowing for much higher resolution due to the shorter wavelength of electrons compared to light.
This results in magnifications that can reach up to 10 million times>3, making these techniques

particularly useful for imaging nanoscale objects.

Despite both SEM and TEM employing electrons for imaging, they differ significantly in their
methods. SEM creates images by detecting electrons scattered from the surface of a sample,
producing detailed images of the surface morphology. In contrast, TEM detects electrons that pass
through the sample, allowing for the visualization of internal structures or layers beneath the
surface. As a result, sample preparation differs between the two techniques: SEM samples are
typically coated with a conductive material (such as gold, platinum, osmium, or graphite) to
enhance electron scattering, while TEM samples require the preparation of extremely thin

sections to allow electrons to transmit through the sample for imaging.5+ 55

1.5. Polymer sensors
The field of polymer sensors and actuators is one of the most cutting-edge areas of current
research.56.57 These devices rely on materials with specific properties that change in response to
external stimuli, which can be either physical or chemical. These changes may be reversible or
irreversible.5” The most common stimuli for polymer sensors include pH, ion concentration, non-

charged molecules, radiation, temperature, mechanical force, and electric or magnetic fields.
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1.5.1. pH sensors
The glass electrode is the most widely used pH sensor due to its sensitivity, reliability, and
versatility, making it essential for precise pH measurements across various fields. However, in
certain applications where conventional pH meters or indicators are impractical, polymer-based
pH sensors have become increasingly important. These sensors, which often involve materials
with pH-dependent protonation or deprotonation, can be applied on small scales, such as thin
films around 10 um thick. For example, hydrogels based on poly(2-hydroxyethyl methacrylate-
co-2-dimethylaminoethyl methacrylate) have demonstrated high sensitivity to proton
concentration, with sufficient accuracy for various applications.58 Additionally, other acrylate
derivatives have shown promise in expanding the capabilities of these polymer-based pH sensors,
highlighting their importance alongside traditional glass electrodes in pH-sensitive

environments.>°

1.5.2. Chemoselective sensors
Polymer-based chemoselective sensors are designed to detect specific analytes, including ions,
uncharged compounds, and bioactive molecules, with high precision. These sensors utilize
chemoselective reactions to enhance their specificity and sensitivity. By incorporating functional
groups or molecules that selectively react with the target analyte, these sensors can produce

measurable signals, often electrical or optical, upon detection.5?

Chemoselective reactions play particularly a crucial role in developing functional protein-based
sensors by enabling precise modifications that enhance performance and specificity. Reactions
such as bioorthogonal chemistry, thiol-ene reactions, and enzyme-mediated modifications allow
the selective attachment of signaling molecules to proteins without disrupting their native
functions. This precision is essential for creating highly sensitive and specific sensors used in
medical diagnostics, environmental monitoring, and industrial applications. By tailoring
chemoselective modifications, protein-based sensors can accurately detect a wide range of

analytes, making them invaluable tools across various fields.60. 61

1.5.2.1. Ion-selective sensors
Materials used for ion-selective sensors are often made from conductive polymers, enabling signal
detection potentiometrically or conductometrically after stimulus. This approach has been
extensively studied for medical applications, particularly as real-time concentration detectors.62
63 For example, a calcium-selective electrode was created from polyaniline, which was further
functionalized with bis-[4-(1,1,3,3-tetramethylbutyl)phenyl]phosphate, a key component known
as an ionophore. lonophores, such as valinomycin, nystatin, or natamycin, are compounds that

increase the permeability of biological membranes to specific ions.64 Typically, they have a
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hydrophobic part that anchors into the lipid bilayer and a hydrophilic part responsible for ion-
ionophore interaction, facilitating ion transfer across the membrane. In analytical chemistry,

selective ionophores are crucial for constructing ion-selective electrodes.

Another widely used natural ionophore is porphyrin. Heme, a prosthetic group in all
hemoproteins, consists of a tetrapyrrole core with a ferrous cation at its center. This metal ion-
porphyrin interaction has inspired the development of man-made sensors for engineering and
electronics, as porphyrins are effective at transforming changes in physical and chemical

parameters into electrical signals.65. 66

1.5.2.2. Gas sensors
Gas sensors, particularly those used in electronic noses (e-noses), have seen significant
advancements over recent decades. These sensors, including types like metal oxide
semiconductor, electrochemical, and conducting polymer sensors, are crucial for detecting and
identifying gases and odors. The compact design of modern e-noses, which integrates small,
efficient sensor arrays and advanced microprocessors, has broadened their application range
from food quality assessment to environmental monitoring and medical diagnostics. The
development of portable, low-power e-noses has made it possible to detect gas leaks, monitor air
quality, and even diagnose diseases through breath analysis, demonstrating the versatility and

importance of these sensors in various fields.6”

For example, Professor Stejskal's team demonstrated that a printed, modified polyaniline sensor
could detect ammonia at concentrations as low as 500 ppb, showcasing its extreme sensitivity.8
Additionally, sensors have been developed for detecting humidity, nitrogen dioxide, and various

other gases.67.69

1.5.2.3. ROS sensitive detectors
Reactive oxygen species (ROS) are highly reactive molecules that play dual roles in biological
systems, both in normal cellular signaling and in causing oxidative damage under pathological
conditions. Detecting and quantifying ROS is crucial for understanding their role in oxidative
stress and disease, particularly in conditions like cancer, inflammation, diabetes, and
neurodegenerative disorders.” However, the detection of ROS is challenging due to their short
lifespan, low steady-state concentrations, and rapid reactivity. To address this, various sensors,
including fluorescent and electrochemical probes, have been developed to monitor ROS, such as
hydrogen peroxide, superoxide anion, hydroxyl radicals, and hypochlorite. Fluorescent probes
offer real-time monitoring in living cells and are highly sensitive, though they can be limited by

issues such as photobleaching and probe stability.”?
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In contrast, electrochemical methods provide a robust alternative, especially when enhanced
with biological catalysts like superoxide dismutase or synthetic biomimetic enzymes. These
methods allow for precise detection of ROS at very low concentrations, making them invaluable
tools in medical diagnostics and research on oxidative stress-related conditions. By utilizing these
advanced sensing techniques, a deeper understanding of the roles of ROS in cellular processes and

disease progression can be gained.”2

1.5.3. Temperature-responsive polymer sensors
Temperature-responsive polymers are materials that undergo significant and discontinuous
changes in their physical properties when exposed to temperature variations, often affecting their
solubility in a given solvent. The most common behavior observed in these polymers is the Lower
Critical Solution Temperature (LCST), below which the polymer is soluble in water, and above
which it precipitates. Less commonly, some polymers exhibit an Upper Critical Solution
Temperature (UCST), where they are soluble above a certain temperature and precipitate below

it.73

These polymers are widely used in various fields, including drug delivery, tissue engineering, and
bioseparation, because of their ability to respond to small changes in temperature. For instance,
thermoresponsive surfaces can be used in tissue engineering to control cell adhesion or release
by simply adjusting the temperature. In drug delivery, these polymers enable controlled release
of drugs in response to body temperature. Additionally, they play a role in chromatography,

allowing for temperature-controlled separation processes.”# 75

Temperature-responsive polymer sensors specifically utilize these materials, which exhibit LCST
behavior, to detect changes in temperature. Often, these sensors are composed of copolymers
made from monomers like N-isopropylacrylamide, N-isopropylmethacrylamide, N-
propylacrylamide, or N-tert-butylacrylamide, combined with a fluorescent dye. The dye’s
fluorescence changes as the polymer's solubility shifts in response to temperature changes,
providing a clear indication of the temperature variation. This approach allows for highly sensitive

and accurate temperature monitoring.’3.76
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2. Aims of the thesis

Infectious diseases and inflammations pose significant challenges today, exacerbated by the
increasing spread of antibiotic resistance. Motivated by these pressing issues, this thesis
addresses these challenges in a comprehensive manner through the use of polymers. The research

is divided into three primary objectives:

1. In the first part, polymers are utilized as the matrix for antibacterial drug-carrying

nanoparticles (NPs) designed as a delivery system.

2. The second part focuses on using polymers to encapsulate insoluble antibacterial drugs,

forming polymer-stabilized sub-micrometer particles intended for formulation.

3. Inthe third part, functional polymers are applied as a sensor layer on surfaces, rather than

particles, to detect inflammations and infections.

These specific aims are detailed below.

2.1. Fine-tuning biorelevant properties of NPs
The first objective of this thesis is to synthesize and characterize block copolymers based on
poly(ethylene oxide)-b-poly(e-caprolactone) (PEO-b-PCL) and to modify the hydrophobic
segment by incorporating a second monomer, y-butyrolactone (yBL), to adjust specific biological
properties, particularly enzymatic degradation. The introduction of yBL units into the
hydrophobic block allows for fine-tuning the degradation rate, enhancing the versatility of these
materials for biomedical applications. These modified copolymers are intended for use in the
development of drug delivery systems, specifically for encapsulating and delivering the
antibacterial antibiotic rifampicin. By varying the yBL content, the degradation behavior of the

nanoparticles can be controlled, making them more suitable for specific therapeutic applications.

2.2. Enhancing biorelevant properties by polymeric surfactant

stabilization
The second aim of this thesis is to investigate the self-assembly of the antimicrobial drug
chloroxine and to achieve stable nanocrystalline particles through nanoprecipitation using
polymeric non-ionic surfactants. This approach addresses the challenges posed by chloroxine’s
low solubility, aiming to enhance its biorelevant properties by stabilizing the particles in aqueous
media. This formulation is designed to improve the antimicrobial efficacy of chloroxine while
maintaining stability, making it a potential candidate for effective topical applications in treating

skin infections.
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2.3. Polymer based layer for selective potentiometric detection of ROS
The third aim of this thesis is the development of a polymer-based layer for a potentiometric
sensor designed to detect reactive oxygen species (ROS) in situ, which are associated with
inflammation. The sensor is constructed from a polymeric layer based on porphyrin cores linked
by bis(thiophene) bridges. A metal ion is incorporated into the porphyrin core to enhance the
sensor's selectivity and sensitivity. To prevent nonspecific adsorption of serum proteins, which
could interfere with the sensor's function, the entire layer is shielded by a covalently bonded
poly(2-methyl-2-oxazoline) (PMeOx) layer. This nonbiofouling coating ensures that the sensor
remains functional in biological environments. The sensor responds potentiometrically to the
presence of ROS, with its sensitivity designed to detect even the early stages of inflammation and
infection. This innovative approach offers a promising tool for early diagnostics in biomedical

applications.
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3. Results and discussion

3.1. Biodegradable nanoparticles made of block copolymers
The block copolymer with hydrophilic and hydrophobic parts works well as a drug carrier,
especially when the drug is significantly hydrophobic. It was shown that the core-shell
nanoparticles are formed when this block copolymer with hydrophobic drug is nanoprecipitated.
Poly(ethylene oxide)-b-poly(e-caprolactone) is described as one of these copolymers for these
purposes. In the previous work,* this copolymer was examined as a carrier for rifampicin, the
relevant physicochemical properties and biological effects were described. As the data were
analyzed, further research was done to adjust the nanoparticles disintegration which is the main
goal of this branch of the thesis research and the result was published in the article shown in

Appendix 2.

3.1.1. Block polymer design and synthesis
In the initial phase, the design and the synthesis of the drug carrier based on block copolymer
composed of hydrophilic PEO and hydrophobic PCL were done as suggested by the scheme in the
Figure 8A. This copolymerization was successfully done and described in the previously
published article,* where the resulting block copolymer as a nanocarrier was equipped with the

first-line antituberculotic agent - rifampicin with the entrapment efficiency between 14 to 30 %.
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Figure 8: Polymerizations: Visualizing Chemical Reaction Schemes.””

Building on this achievement, the degradation rate of the copolymer has been taken in
consideration as a possible feature for tailoring the micelle-like nanocarrier properties for
adjusting the pharmacokinetics. The copolymerization eCL with yBL was selected as the method

of determination the degradation rate.
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In order to get control over the degradation rate, series of copolymers with various amounts of
incorporated yBL in the polymer chain was needed to be synthetized. For this purpose, different
copolymerization conditions were introduced and the results are as follows: the higher
incorporation of yBL was observed when catalysts of anionic mechanism of the ring-opening
polymerization were used. In addition, the higher the initial concentration of monomers in the
solution, the higher the incorporation of yBL. It was also confirmed that using of nonpolar solvent

contributes to the higher incorporation of yBL. All data were plotted in graphs, which are shown

in Figure 9.
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Figure 9: Optimization of copolymerization conditions. A) Various catalytical systems were
tested to determine the 4HB content in the copolymers. B) The content of 4HB when various
initial monomer concentrations and different catalytic systems were used and are listed in Table
S2 in Supporting information.”” C) Various solvents with different dipole moments were tested
for the copolymerization using the most efficient catalytic system, TBD. D) The relationship
between monomer consumption, the 4HB content in the polymer chain, and molar mass was

investigated.””
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3.1.2. Nanoparticles of block copolymers
With knowing about the incorporation of BL into the chain, five samples of block copolymers
mPEO-b-(PCL-co-P4HB) with different molar masses and yBL ratios were synthesized by using
commercially available macroinitiator poly(ethylene oxide) methyl ether, so there are two blocks
in the polymeric chain, one hydrophilic and the second one hydrophobic (the specific hydrophobic
ratios for each sample are provided in Table 3. The most efficient catalytical system of TBD was
used in this case. All copolymers’ characteristics are shown in Table 3. As evident from this table,
sample B1 is the only one that does not contain P4HB, allowing its influence on selected biological
properties (enzymatic degradation,..) to be examined. It can be also noted that two
macroinitiators with molar mass 2 kDa (sample B2 and B3) and 5 kDa (sample B4 and B5) were

used.

Table 3: Composition and characteristics of block copolymers.?”

No. Copolymer HH-ratio® Yield (%] Frl® [9%] MAMRS) MgECD DSECd) CACY [ug mL™]  DACCA [ug mg™|
B1 mMPEQ,5-b-PCLy 46 92 0 11200 8300 1.21 9 20
B2 mMPEQ 45-b-(PCLyg-co-PAHB,3) 28 62 20 7500 6700 1.45 15 9
B3 mMPEQ 45-b-(PCLss-co-PAHB, o) 4.0 60 21 9900 10500 1.58 1 10
B4 mMPEQ,14-b-(PCLyy-c0-P4HB;) 11 63 18 10 800 7600 125 14 7
BS mPEQ 14-b-(PCLy p4-c0-PAH Bys) 36 59 21 23 000 12 300 1.61 10 4

4 The hydrophobic ratio was defined as (M,,, hydrophobic block)/(M,, hydrophilic block), where the M,, of the hydrophilic block was held at either 2000 or 5000 depending
on which macroinitiator was used; "The polymer composition ratios of hydrophobic blocks were calculated using '"H NMR data by dividing the integrated peaks of the
repeating unit of YBL (8 1.95 ppm) by the sum of the integrated peaks of yBL and eCL (8 1.37 ppm); 9The molecular weights were calculated using "H NMR by inte-
grating the methoxy peak of mPEO at 3.37 ppm and the peak for the repeating units of £CL and }BL; 9 Determined by SEC using tetrahydrofuran as the eluent; )Critical
aggregation concentrations were determined at room temperature in PBS; "When DACCA-labeled copolymers were used, the content of DACCA was determined by UV-vis

spectroscopy.

Nanoparticles were successfully prepared from the copolymers using the nanoprecipitation
technique, resulting in final sample concentrations of 1 mg-mL™". Fresh nanoformulations were

prepared for each characterization, following a previously published procedure.*

The images obtained using the cryogenic transmission electron microscopy (cryo-TEM) and
graphs using data from dynamic light scattering (DLS) and flow field-flow fractionation (A4F) are
shown in Figure 10. The critical aggregation concentrations (CAC) were measured and the values
for each sample are listed in Table 3. All the CACs are on the order of micrograms per milliliter,

so it confirms that aggregates form at the concentration that was used.
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Figure 10: Nanoparticles’ characterization. A) Images taken by cryo-TEM. B) NPs’ size
distribution determined by dynamic light scattering (black) and asymmetric flow field-flow

fractionation (red).””

Detailed characteristics of the prepared NPs are summarized in Table 4. When comparing the Z-
average hydrodynamic diameter obtained by DLS with the Z-average diameter of gyration
obtained by SLS and AF4, the values show a close correlation. These coherent data are supported

by the weight-average molar mass values measured by SLS and A4F.

Table 4: Characteristics of prepared nanoparticles.””

Sample DR [nm] pDJ|?) DLS DES Y [rm) MSSY (kDa] P [gml7] DAY [nm]  MAFD [kDa) A [g mLT) NAFH )
Bl 109 0.113 91 14 900 0.029 77 101 400 0.324 9050
B2 41 0.188 40 5800 0.134 26 8160 0.690 710
B3 Al 0.166 120 13 800 0.012 85 24700 0.060 1110
B4 36 0.109 48 1000 0.013 47 4180 0.060 420
B5 Al 011 170 38100 0.011 103 66 700 0.091 2570

AThe Z-average of the hydrodynamic diameter Dy and polydispersity index PDI; )The molecular weight My, and the Z-average of the diameter of gyration Dg; IThe

apparent structural density was calculated from the equation p = 6M,,/TN,D? considering a spherical shape (D=1.29-Dc); 9The aggregation number is the quotient of the
My of the particles (AF4) and the My, of the polymer (SEC).

The combined results from DLS, AF4, and cryo-TEM provided insights into the structure of the
nanoparticles (NPs). While mPEO-b-PCL-based assemblies are often described as micelles, our
AF4 data indicate that each NP contains approximately 400-9000 polymer chains, significantly
more than the 10-100 chains typical of micelles. The apparent structural density (p) of the
particles, calculated using the molecular weight and assuming a spherical model, showed that

mPEO-b-(PCL-co-P4HB) NPs were about three times less dense than mPEO-b-PCL NPs. This lower
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density suggests that the presence of 4HB results in a less dense, less hydrophobic core,

potentially affecting cargo encapsulation.

The comprehensive characterization of NPs enabled us to fine-tune nanoparticle parameters,

allowing for more precise design tailored to specific application requirements in the future.

3.1.3. Biological tests of the NPs

The following biological tests were conducted to ensure the safe, effective, and predictable use of
prepared NPs in biomedical applications. The biocompatibility of these NPs was described in

previously published literature’® and the cytotoxicity of prepared NPs is discussed below.

First, the cytotoxicity of the prepared formulations (B1-B5) was assessed using MTT assay after a
24-hour incubation with J774A.1 macrophage cells. The results, as shown in Figure 11, indicate
that cell viability was only minimally affected by the nanoformulations. The copolymer
cytotoxicity was found to be nearly negligible at clinically relevant concentrations, demonstrating
that the introduction of P4HB within the copolymeric matrix did not compromise the
biocompatibility of the nanoparticles with J774A.1 cells. This suggests that the synthesized NPs

are safe for biomedical applications.
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Figure 11: Viability of ]774A.1 cells detected by MTT assay. Murine monocyte-macrophages
were incubated with varying NP concentrations for 24 hours, and viability was analyzed by
measuring metabolically produced formazan. The horizontal line indicates the threshold for

distinguishing between non-cytotoxic (above) and cytotoxic (below) viability levels.””
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Secondly, the hemolysis assay was performed to evaluate the blood compatibility and potential
membrane toxicity of the prepared NPs. Red blood cells were mixed with various NP dilutions and
incubated, after which hemolysis was measured. The results showed that hemoglobin release was
below 2% for all dilutions, classifying the NPs as nonhemolytic and confirming their safety for

biomedical applications.

Additionally, the degradation of the NPs was studied to describe the influence of butyrolactone
units in the hydrophobic block in the copolymer chain. The enzymatic degradation of the NPs in
vitro under the influence of lipase is described in the following paragraph 3.1.3.1. In this study,
degradation was also monitored intracellularly in macrophage-like cells; information on cellular

uptake and intracellular degradation is provided in paragraph 3.1.3.2.

3.1.3.1. Degradation of NPs in vitro
The in vitro enzymatic degradation tests were conducted in an NMR test tube by adding a sample
of the NP formulation in PBS and mixing it with lipase from Pseudomonas sp., resulting in a final
copolymer concentration of 0.98 mg-mL™" and a lipase concentration of 0.06 U-mL™*. By observing
the reduction of certain signals in the *H NMR spectra over time of samples B1 and B3 after the
lipase addition, the degradation rate was determined. The results indicated that degradation
occurs more rapidly when only caprolactone units are present in the hydrophobic block (B1).
Conversely, when additionally butyrolactone units are present in the hydrophobic block of the
copolymer (B3), the NPs tend to degrade slower, providing space for on-demand tailoring of the

degradability rate of the nanoparticles.

The degradation of the samples was confirmed by SEC by measuring the average molar mass over

time. Detailed information is available in the attached article (Appendix 2).

3.1.3.2. Intracellular degradation
For confocal laser scanning microscopy (CLSM), the NP samples required fluorescent labeling.
Thus, 7-(diethylamino)coumarin-3-carbonyl azide (DACCA) was reacted with samples B1-B5. The
content of DACCA in each sample is detailed in Table 3.

The cellular uptake of these labeled NPs by macrophage-like J774A.1 cells was examined.
Internalization of the DACCA-labeled NPs was observed within 40 minutes ( Figure 12), revealing
differences in intracellular distribution patterns. Markers for low pH compartments indicated that

all NP samples targeted acidic organelles (Figure 13), as confirmed by Pearson correlation
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NPs-DACCA

Figure 12: Study of DACCA-labeled NP uptake by ]J774A.1 cells. Fluorescence and differential
interference contrast (DIC) images of ]774A.1 cells were captured 40 minutes post-addition of
DACCA-labeled NPs (2.8 nmol mL-t, blue fluorescence). The CellMask Deep Red signal, related to

the plasma membrane, is displayed in yellow. Scale bars represent 20 pm.??
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coefficient (PCC) values. These findings suggest that such systems are usable as a logical strategy

for effectively killing intracellular microbes.”®

NPs-DACCA LysoTracker

PCC0.51

PCC 0.57

b
PCE 0.53

PCC 043

PCC 0.59

Figure 13: Localization of DACCA-labeled NPs in ]774A.1 Cells. CLSM images of ]774A.1
macrophages 40 minutes post-treatment with DACCA-labeled NPs (2.8 nmol mL-1) and
LysoTracker. Colocalization analysis was performed using Product of the Differences from the
Mean (PDM) images and Pearson Correlation Coefficient (PCC) values. PDM images are
pseudocolored, with pixel colors representing PDM values: orange for colocalized pixels and
blue for segregated areas. Scale bars: 20 um. Differential Interference Contrast (DIC) is

indicated.?”
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To investigate the cellular internalization kinetics of DACCA-labeled nanoparticles (NPs) in
J774A.1 macrophage-like cells, NPs at a concentration of 2 nmol mL-1 were incubated with cell
monolayers for varying times. Flow cytometry analysis (Figure 14A) showed that NP uptake
increased with incubation time, reaching peak fluorescence intensity after 60-100 minutes.
Internalization half-time (t1/2) was calculated from the data using a curve-fitting approach,
revealing a notable difference among samples. For instance, the P4HB-free mPE045-b-PCL81 (B1)
had a significantly longer t1/2 (~54 min) compared to mPEO45-b-(PCL55-co-P4HB19) (B3),
which had a t1/2 of ~9.5 min, despite having similar hydrophilic/hydrophobic ratios and
molecular weights. This variation suggests that P4HB introduction affects NP uptake, potentially

due to changes in crystallinity or NP size.
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Figure 14: Investigation of DACCA-labeled nanoparticle (NP) behavior. A) Time course of cell-
associated fluorescence following the addition of 2 nmol mL-1 DACCA-labeled NPs. The
fluorescence data were normalized to the maximum values achieved (plateau values). B) Time
course of NP degradation after incubating monolayers with 2 nmol mL-1 DACCA-labeled NPs for

60 minutes. The graph shows both half-time and R-squared values.””

Further, after reaching peak fluorescence, a decline was observed, likely due to enzymatic
degradation of the DACCA matrix as DACCA is more fluorescent in a hydrophobic environment of
intact nanoparticle cores than if released free in aqueous solution by degradation of the

nanoparticles. To assess degradation kinetics, NPs were incubated for 60 minutes, then washed

38



and analyzed over time using flow cytometry (Figure 14B). The degradation rate constant was
derived from a single exponential decay model, showing that all NP formulations exhibited similar
degradation patterns, indicating colocalization with acidic organelles. Notably, B1 displayed the
slowest degradation rate (t1/2 = 16 min), suggesting that PAHB can modulate NP degradation.
Flow cytometry results aligned with the hypothesis that lysosomal localization correlates with
faster degradation, contrasting with 1H NMR studies conducted in PBS. This discrepancy
underscores the importance of studying NP behavior in more complex environments, such as in
the presence of serum and cellular proteins. The enzymatic degradation of mPEO-b-(PCL-co-
P4HB) copolymers to biocompatible products like mPEO, 6-hydroxyhexanoic acid, and 4-
hydroxybutyric acid suggests favorable in vivo behavior, as these products are metabolized and

eliminated efficiently by the body.
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3.2. Nanocrystals

The skin serves crucial roles including protection and moisture control but is vulnerable to
infections due to injuries and chronic conditions. Rising antibiotic resistance necessitates
innovative solutions for such infections. Nanotechnology presents promising alternatives,
particularly in the form of nanostructures like antibacterial nanobeads, which offer enhanced
antimicrobial activity and reduced side effects. Recent studies have explored various
nanostructures, including metal and lipid nanoparticles, for treating bacterial and fungal skin
infections. This work focuses on chloroxine, an 8-hydroxyquinoline derivative with known
antimicrobial properties but limited by low water solubility. In the work attached in Appendix 3,
chloroxine nanoparticles (CXNPs), a stable colloidal formulation stabilized with a biocompatible
surfactant, are characterized for the aforementioned purposes. Their nanostructural properties
were measured using dynamic light scattering (DLS), and their antimicrobial effectiveness and

skin safety in vivo are evaluated.

3.2.1. Chloroxine nanoparticles preparation and characterization

The CXNPs were prepared by rapid pouring an ethanol solution of chloroxine into an aqueous
phase (either water or a surfactant solution), followed by the removal of ethanol under reduced
pressure and slightly elevated temperature. Three surfactants—Tween 80 (TW80), Brij 92
(BR92), and Brij 700 (BR700)—were tested for stabilizing CXNPs in the aqueous phase. These
surfactants were used in four different concentrations, all below their critical micelle
concentration (CMC). The specific concentrations of surfactants used were chosen based on their
CMC values. For each surfactant, the samples were prepared at varying concentrations,
specifically 20%, 40%, 60%, and 80% of their respective CMC values. This approach ensured a
comprehensive evaluation of the surfactant's stabilizing capabilities at different levels relative to
their CMC.
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Figure 15: Chloroxine precipitation in different aqueous media. A) Macroscopic structure of
chloroxine precipitations in vials (pure water, Tween80, Brij72 and Brij 700) B) TEM image of

the CXNPs stabilized by Brij700.80
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As shown in Figure 15A and supported by the data in Table 5, the nanoformulation that avoided
significant precipitation was prepared using Brij700 as a surfactant. Additionally, the TEM image
in Figure 15B shows the nanostructured elongated crystals of this formulation. This formulation
was analyzed by DLS, which measured the hydrodynamic diameter of the stabilized nanocrystals
to be 580 nm with broad size distribution. The zero zeta potential indicates steric stabilization
and decrease of the surface charge. The sizes and zeta potentials of the CXNPs of all samples are

provided for comparison in Table 5.

Table 5: Physicochemical properties of CXNPs as measured.8?

Sample Dy + 5D (nm, {+5SD (mV) note
TW80/20 1035+ 26 -23,0+£0,6 GP
TWS80/40 1026 + 70 29,4+1,1 GP
TW80/60 903 + 34 29,8+0,8 GP
TW80/80 548 + 55 -30,8+1,0 GP
BR92/20 1153 £ 55 -34,6+£0,8 GP
BR92/40 496 + 51 353+5,7 GP
BR92/60 517 + 87 351+4,1 GP
BR92/80 324+73 -35,0+1,2 GP
BR700/20 831+17 -18,9+0,6 HF
BR700/40 654 + 13 0,0+0,1 HF
BR700/60 608 + 5 0,0+0,1 HF
BR700/80 580 + 26 0,0+£0,1 HF

The number after the slash in the sample name indicates the surfactant concentration as a percentage of its CMC.

diameter; GP: Gross precipitation, centrifugation necessary; HF: Homogeneous formulation, no

centrifugation needed; SD: Standard deviation.

3.2.2. Cytotoxicity of CXNPs
The effect of nanoformulation labelled as BR700/80 on cell viability was evaluated using a
resazurin assay. Two human skin cell lines, A431 epithelial cells and HaCaT keratinocytes, were
tested to assess dermal cytocompatibility in vitro. The cytotoxicity of these CXNPs was found to
be incubation time-dependent. For the A431 cell line, IC50 values of 31.6 * 6.9 ug/ml after 48
hours and 5.9 # 1.3 pg/ml after 72 hours were determined, with no IC50 reached at 24 hours. In
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HaCaT cells, IC50 values of 26.0 + 10 pg/ml at 24 hours, 12.0 + 2.1 pg/ml at 48 hours, and 6.1 +

2.3 ug/ml at 72 hours were observed.
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Figure 16: Cytotoxicity of CXNPs - sample BR700/80. A) Human skin epithelial A431 cells and

B) HaCaT human skin keratinocytes were exposed to different concentrations of CXNPs for 24,
48, and 72 hours. Cytotoxicity was measured using the resazurin assay. Horizontal dotted line
represents cell viability threshold, with values above the line indicating non-cytotoxicity and

values below indicating cytotoxicity. Results are shown as mean values * standard deviation.80

3.2.3. Antimicrobial properties of CXNPs
The CXNPs - sample BR700/80 exhibited significant antimicrobial activity against a variety of
medically important pathogens listed in Table 6 in a broth microdilution assay. For Gram-positive
bacteria, the MIC (minimum inhibitory concentration) was approximately 5 pg/ml across all
strains, with MBC (minimum bactericidal concentration) values showing bactericidal effects for C.
pseudodiphtheriticum (5-6 pg/mL) and S. epidermidis (1,5 pg/mL), while S. aureus and S. pyogenes
did not reveal bactericidal effects within the tested concentration range. Among Gram-negative
bacteria, the MIC varied, with C. sakazakii, P. aeruginosa, and S. marcescens showing higher
resistance (MIC ~12 pg/mL), and B. bronchiseptica and S. flexneri being more sensitive (MIC
~4 ng/mL). However, most Gram-negative species did not exhibit bactericidal effects (MBC
>50 pg/ml), aligning with chloroxine’s microbiostatic properties. Notably, M. catarrhalis showed

the best activity with both MIC and MBC <0,05 pg/mL. The formulation also demonstrated
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antifungal potency, with MIC values of 0,2; 12,5; and 1,6 pg/mL for Can. albicans, M. furfur, and M.
pachydermatis, respectively, and fungicidal MBC values ranging from 0,2 to 12,5 pg/mL.

Table 6: Antimicrobial properties of CXNPs - sample BR700/80.80

Group Strain Designation Note MIC (pg/mL}) MBC (pg/mL)

G+bacteria  Corynebacterium pseudodiphtheriticum CCM 2821 5 5 5-6
Staphylococcus aureus subsp. aureus CCM 4223 5 =50
Staphylococcus aureus subsp. aureus ATCC 33591 Methicillin-resistant ] =320
Staphylococcus epidermidis CCM 2124 TS 5 12,5
Streptococcus pyogenes CCM 7418 5-6 > 50

G-bacteria  Acinetobacter baumannii CCM 2355 TS5 5-6 25
Bordetella bronchiseptica CCMB082 5 4 =50
Cronobacter sakazakii CCM 1902 11-12,5 =50
Enterobacter cloacae CCM 8574 TS 8-9 =00
Escherichia coli CCM 3954 3-6 =50
Klebsiella oxytoca CCM 1901 5-6 6,25-12,5
Klebsiella pneurnoniae subsp. CCM 7798 TS5 6-7 =50

pneumoniae

Moraxella catarrhalis CCM 2828 =0,5 =0,5
Pseudomonas aeruginosa CCM 1960 TS 12,5 =50
Serratia marcescens CCM 303 TS 12 =50
Shigella flexneri CCM 4422 3-4 =50
Fungi Candida albicans CCM 8261 0,2 0,2-0,4

Candida albicans CCM 8215 0,2 0,4
Malassezia furfur DSM 6170 12,5 12,5
Malassezia pachydermatis DEM 6172 1,6 1,6-3

The maximum concentration tested was 50 pg/mL

ATCC: American type Culture Collection, CCM: Czech collection of microorganisms, DSM: Deutsche Sammlung von Mikroorganismen und
Zellkulturen (German Collection of Microorganisms and Cell Cultures), MIC: minimum inhibitory concentration, MBC: minimum bactericidal
concentration, TS: type strain

3.2.4. SKin irritation tests of CXNPs in vivo
A dermatological test was conducted to assess whether CXNPs - sample BR700/80 cause skin
irritation in mice. BALB/c mice were divided into four groups, each containing five mice, and had
their dorsal fur shaved. Different treatments were administered to each group: a sham control
with Brij 700 solution, and CXNPs at concentrations of 25 pg/ml and 50 pg/ml. The formulations

were applied daily for seven days using a nonwoven polyethylene cloth fixed to the mice's backs.
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Daily inspections measured transepidermal water loss (TEWL), skin pH, and erythema (redness).

After seven days, the mice were sacrificed for histopathological examination of the skin.
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Figure 17: The in vivo skin tolerance of CXNPs - sample BR700/80 was evaluated over a 7-day
treatment period on mouse skin. Measurements included A) transepidermal water loss (TEWL),
B) skin pH, and C) skin erythema (redness, a*). The data are presented as mean values with

standard deviations.80

As evident from the graphs in Figure 17, no significant changes were observed in TEWL, pH, or
erythema, indicating no skin irritation. Moreover, histopathological analysis confirmed no
pathological changes in the skin tissues, demonstrating that CXNPs are well-tolerated and non-

toxic, making them suitable for topical applications.
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Figure 18: In vivo skin tolerance test of CXNPs - sample BR700/80 was evaluated through
histopathological examination (hematoxylin & eosin staining) of mouse dorsal skin 7 days post-
treatment. A, B) skin sections from untreated mice, C, D) skin from mice exposed to the Brij 700
solution, E, F) skin from mice treated with CXNPs at 25 pg/mL, and G, H) skin from mice treated

with 50 pg/mL. Scale bars represent 100 pm.80
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3.3. Polymer layer sensors
In a significant number of joint replacements, serious infections can occur, often necessitating
reoperation. One potential method to prevent this complication is the early detection of infection
before the formation of hard-to-eliminate mature bacterial biofilm. To facilitate this, a modified
metallized polyporphyrin sensing layer was designed to enable in situ sensing of reactive oxygen

species (ROS), which are strongly associated with inflammations and infections.

A robust potentiometric sensor for detecting reactive ROS was developed and applied as a thin
layer on smart implant surfaces to enable early inflammation detection. The sensor consists of a
polythiophene-based conductive polymer layer with an embedded porphyrin-metal complex for
ROS detection. The sensing layer was cast on a glassy carbon support and coated with poly(2-
methyl-2-oxazoline) to prevent interference from proteins and other biomolecules. Four different
metal cations (Fe®*, Co?*, Cu?*, and Mn?*) were incorporated into the porphyrin core. The sensor
with Fe?* ions was specifically tested for its response to ROS, demonstrating high sensitivity and
the ability to distinguish between hydrogen peroxide and hypochlorite, while maintaining

functionality in the presence of potential biological interferences.

For more detailed information, the entire article on this research can be found in Appendix 4.

Figure 19: Structures of synthetized porphyrin derivatives A) 2TTP (5,10,15,20-tetra(thien-2-
yl)porphyrin) and B) 3TTP (5,10,15,20-tetra(thien-3-yl)porphyrin).8!

3.3.1. Preparation and characterization of porphyrin-based sensing layer
Two different derivatives of porphyrin, 2TTP and 3TTP (5,10,15,20-tetra(thien-2-yl)porphyrin
and 5,10,15,20-tetra(thien-3-yl)porphyrin, both structures shown in Figure 19), were
synthesized by reacting either 2-thiophenecarboxaldehyde or 3-thiophenecarboxaldehyde with
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pyrrole in propionic acid under reflux and elevated temperature. In both syntheses, the products
as brown crystals were yielded. The crystals were purified and then used for
electropolymerization to form the sensing layer. As evident from the structures seen in Figure 19,

the molecule of 2TTP is a tetra-functional monomer whereas 3TTP is an octa-functional monomer.

The electropolymerization of 2TTP or 3TTP was conducted in a solution of formic acid with the
addition of 1-methylimidazole in CH,Cl; in a three-electrode cell using a potentiostat under an
inert nitrogen atmosphere. The fluorine-doped tin oxide (FTO) and glassy carbon (GC) electrodes
were used as the working electrodes, a platinum sheet as the counter electrode, and silver wire as
a reference electrode. During the polymerization, the potential was cycled 50 times between -1
and 1,85 V at a scan rate of 50 mV-s'L. For 2TTP, successful deposition occurred on both FTO and
GC supports, while 3TTP only deposited on GC. After electropolymerization, the electrodes were
washed with chloroform to remove any unreacted monomers or by-products. The cleaned

electrodes were then stored in a desiccator to keep them dry and prevent contamination.
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Figure 20: Electropolymerization curves of A) 2TTP on FTO and B) 3TTP on GC in CHCl

containing 5 M formic acid.8!

The characterization of the deposited polymer porphyrin-based layers involved several analytical
techniques to assess their structural, morphological, and electrochemical properties. The cyclic
voltammetry curves of 2TTP (Figure 20A) showed two oxidation and two reduction peaks,
indicating the formation of dimers at specific positions. Whereas the cyclic voltametric curves of
3TTP (Figure 20B) showed one oxidation and one reduction peak, with a higher oxidation

potential compared to 2TTP.

The surface morphology of the deposited films was examined by scanning electron microscopy
(SEM). The film created by electropolymerization of 3TTP (poly-3TTP, Figure 21B) exhibited a
rough surface, while the film created by electropolymerization of 2TTP (poly-2TTP, Figure 21A)
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showed a smoother and more compact layer. Comparisons with bare FTO and GC electrodes

highlighted the increased surface area provided by the poly-3TTP film.
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Figure 21: SEM images of A) poly-2TTP on FTO and B) poly-3TTP on GC, both at 10 000x

magnification.8!

Raman spectra were measured for both monomers (2TTP and 3TTP) and their corresponding
polymer films (poly-2TTP and poly-3TTP). The polymer films exhibited broadening and an
increase in the intensity of Raman signals compared to the monomers. This broadening is
indicative of polymer formation, as it reflects changes in the molecular structure and the creation

of larger polymeric chains (conductive polymeric films).
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Figure 22: Raman spectra (excitation laser at 514 nm) of A) poly-2TTP on FTO (red line), with
the spectra of the 2TTP monomer and FTO (both in black lines) added for comparison, and
B) poly-3TTP on GC (red line), with the spectra of the 3TTP monomer and GC (both in black

lines) added for comparison.8!
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The X-ray Diffraction (XRD) was utilized to analyze the crystalline structure and orientation of the
porphyrin rings in the polymer films poly-2TTP and poly-3TTP. A significant peak was observed
at 20 = 16°, corresponding to the distance between the porphyrin rings. The presence of this peak
indicates a regular, periodic arrangement of the porphyrin molecules within the polymer films.
The intensity of the peak at 20 = 16° was higher for poly-2TTP than for poly-3TTP. This higher
intensity suggests that the porphyrin rings in poly-2TTP are more organized and better aligned
compared to those in poly-3TTP. The better organization in poly-2TTP is likely due to its tetra-
functional nature, offering four positions for electropolymerization. In contrast, poly-3TTP, being
octa-functional with eight positions for electropolymerization, has a more complex structure,

leading to less orderly arrangement of the porphyrin rings.
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Figure 23: Characteristics of poly-3TTP on GC measured in PBS buffer by A) electrochemical
cyclic voltammetry and B) EIS at 0,08 V vs. Ag/AgCl (corresponding to V,.); characteristics of
poly-2TTP on FTO measured in PBS buffer by C) electrochemical cyclic voltammetry and D) EIS
at 0,07 V vs. Ag/AgCl (correspond to V).8!
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The electrochemical characterization of poly-3TTP and poly-2TTP films, as presented in Figure
23, reveals significant differences in their suitability for sensing applications. Cyclic voltammetry
data shows that both polymers exhibit distinct redox activity, confirming their electroactive
nature (Figure 23A and C). However, the electrochemical impedance spectroscopy (EIS) results
highlight a key difference: poly-3TTP displays a capacitive impedance character, indicative of a
large interface area and efficient charge storage (Figure 23B), which are advantageous for
sensing applications. In contrast, poly-2TTP exhibits a diffusion-controlled impedance behavior
(Figure 23D), suggesting a different molecular arrangement that may be less ideal for sensor
performance. These findings suggest that poly-3TTP, with its favorable capacitive properties, is

better suited for further development as a sensing layer.

3.3.2. Porphyrin-based sensing layer doped with metals
The doping of the poly-3TTP on GC with metals was carried out through a specific procedure to

incorporate metal cations into the porphyrin core, which is present in the poly-3TTP film.

3.3.2.1. Doping of 3-TTP film by metals
Four different metal cations (Fe?*, Co?*, Cu?*, and Mn?*) were selected for incorporation into the
poly-3TTP film. 1 M aqueous solutions of FeCl,, CoCl,, CuCl,, and MnCl, were prepared. The
samples of poly-3TTP films on GC were immersed in the corresponding metal solution for 24
hours. During this time, the metal cations were chelated into the porphyrin core of the poly-3TTP
film, effectively doping the polymer with the metal ions. After the doping process, the films were
identified as poly-3TTP-Cu, poly-3TTP-Fe, poly-3TTP-Co, and poly-3TTP-Mn, depending on the

metal incorporated.

The presence of the metal ions within the porphyrin structure was confirmed using high-
resolution X-ray photoelectron spectroscopy (XPS). The XPS spectra showed changes, such as the
appearance of new peaks corresponding to the metal-chelated nitrogen in the porphyrin ring,

confirming successful metal doping.

3.3.2.2. Electrochemical sensitivity
In this experiment, the sensitivity of poly-3TTP-Cu and poly-3TTP-Fe layers to H,0, was assessed
using a potentiometric approach. The polymer films deposited on GC electrodes which served as
the working electrodes in a three-electrode cell setup, with a platinum sheet as the counter
electrode and a silver/silver chloride (Ag/AgCl) electrode as the reference. The electrodes were
immersed in a PBS solution at pH 7. H,0, was sequentially added to the solution at concentrations
ranging from 50 nM to 10 pM. The potential difference between the working and reference

electrodes was measured for each concentration after allowing the potential to stabilize.
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The results shown in Figure 24 highlight that the poly-3TTP-Fe sensing layer is more sensitive to
hydrogen peroxide than the poly-3TTP-Cu layer. This enhanced sensitivity is reflected in the
steeper slope and broader linear range, making poly-3TTP-Fe a more promising candidate for
detecting biologically relevant concentrations of H;0.. Specifically, the poly-3TTP-Cu layer
exhibits a linear response from 50 nM to 1 uM with a slope of 13.54 + 0.5 mV/decade (R* = 0.9939),
while the poly-3TTP-Fe layer demonstrates a linear response from 50 nM to 10 uM with a slope

of 31.75 + 0.5 mV/decade (R? = 0.9995).
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Figure 24: Potentiometric response curves of A) poly-3TTP-Cu and B) poly-3TTP-Fe sensing

layers for detecting varying concentrations of H,0, in PBS at pH 7.81

3.3.3. Nonbiofouling of the porphyrin-based sensing layer
To ensure the sensor's effectiveness in detecting reactive oxygen species (ROS) in healthy tissue,
it is crucial to prevent biofouling. Biofouling, which involves the accumulation of proteins and
other biological materials on the sensor surface, can interfere with its functionality and accuracy.
By incorporating a nonbiofouling layer, such as poly(2-methyl-oxazoline) (PMeOx), the sensor

surface is protected from these unwanted interactions, allowing for precise and reliable ROS
detection in healthy tissue environments.
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Figure 25: Polymerization scheme of a-thiophene poly(2-methyl-2-oxazoline).8!
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For that purpose, microwave-assisted cationic ring-opening polymerization was conducted as
schematically shown in Figure 25. The monomer, 2-methyl-2-oxazoline, was dissolved in
acetonitrile, with 3-(bromomethyl)thiophene serving as the initiator. The monomer-to-initiator
ratio (nm/n;) was adjusted to synthesize three types of a-thiophene poly(2-methyl-2-oxazoline)
with different molar masses (1, 2 and 5 kDa). The characteristics of these polymers are listed in

the accompanying table.

Table 7: The polymerization parameters and characteristics of synthetized PMeOx.8!

nm/n; M, (kDa) M, (kDa) bb
P1 11,7 1,5 1,5 1,15
P2 23,5 3,0 2,4 1,24
P3 58,7 4,6 5,4 1,24

a) Number average of molar mass Mn determined by 1H NMR b) Number average of molar mass

Mn and dispersity D were determined by SEC.

These three purified samples of a-thiophene poly(2-methyl-2-oxazoline) with different chain
lengths were applied on the sensor’s surface, utilizing the thiophene rings' ability to facilitate
attachment. However, XPS analysis revealed that only the highest molecular weight PMeOx (P3)
successfully formed a detectable layer on poly-3TTP-Fe.

The final sensor, named poly-3TTP-Fe/PMeOx, was tested in the presence of bovine serum

albumin and catalase to evaluate its nonbiofouling properties and sensitivity to H,0,.
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Figure 26: Potentiometric detection of H,0; in PBS (pH = 7) using the poly-3TTP-Fe/PMeOx

sensing layer A) in the presence of albumin and B) in the presence of albumin with catalase.8!
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The results in Figure 26A showed that the sensor exhibited a linear response to H,0, in the
presence of albumin, with a detection range from 50 nM to 100 uM and a slope of 12.84
mV/decade. In the presence of catalase, the sensor's sensitivity improved, with a slope of 44.4
mV/decade (shown in Figure 26B), possibly due to redox interactions between catalase and the

sensing layer.

The electrochemical impedance spectra of the poly-3TTP-Fe/PMeOx sensor before and after
exposure to bovine serum albumin were compared in Figure 27. The similarity in the spectra
indicated that the PMeOx layer effectively prevented albumin from attaching to the sensor surface,

preserving its electrochemical properties.
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Figure 27: Electrochemical impedance spectra of poly-3TTP-Fe/PMeOx before (black line) and
after (red line) measurement in albumin.8!
The poly-3TTP-Fe/PMeOx sensor demonstrated stability for at least one month, showing
consistent performance upon repeated testing. These findings suggest that the poly-3TTP-
Fe/PMeOx sensor is a promising candidate for accurate and sensitive online monitoring of H,0,

in complex biological environments.

3.3.4. Selectivity of poly-3TTP-Fe/PMeOx sensor
To confirm that the poly-3TTP-Fe/PMeOx sensor is selectively responsive to H,0,, potentiometric
detection of hypochlorite (CIO7), another marker of bacterial infection, was tested at relevant
concentrations. The results in Figure 28 showed no significant response of the sensor to ClO™ in
the concentration range of 50 nM to 10 uM, except at the highest concentrations, which are not
biologically relevant. This indicates that the poly-3TTP-Fe/PMeOx sensing layer is specifically

suited for H,0, detection and that the presence of ClO~ will not interfere with its performance.
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Figure 28: Potentiometric detection of ClO- ions in PBS (pH = 7) using the poly-3TTP-
Fe/PMeOx.8!
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4. Summary and future perspectives

This thesis successfully addresses the critical challenges posed by infectious diseases and
inflammation, particularly in the context of increasing antibiotic resistance, by developing
innovative supramolecular biocompatible polymer nanosystems for bioapplications. The
research demonstrates the versatility and efficacy of polymer-based approaches in three distinct
areas. The first area involves the preparation and characterization of block copolymers,
specifically poly(ethylene oxide)-b-poly(e-caprolactone) modified with y-butyrolactone, resulting
in materials with tailored enzymatic degradation profiles that were effectively utilized to
construct a delivery system for the antibiotic rifampicin, demonstrating potential for enhancing
the treatment of bacterial infections. The second area explores the stabilization of antimicrobial
nanoparticles, where the self-assembled chloroxine with polymeric non-ionic surfactants led to
the successful formation of stable nanocrystalline particles, significantly improving the solubility
and stability of chloroxine, and highlighting the potential of polymer-stabilized nanoparticles in
overcoming challenges associated with poorly soluble antimicrobial drugs. The third area focuses
on the development of a polymer layer-type potentiometric sensor for detecting inflammation-
related reactive oxygen species (ROS), which represents a significant advancement in diagnostic
technology, as the sensor, based on porphyrin cores with embedded metal ions and protected by
poly(2-methyl-2-oxazoline), demonstrated high sensitivity and specificity, enabling the early
detection of inflammation and infection. Overall, this thesis contributes valuable knowledge to the
field of polymer science and its application in medicine, offering promising strategies for the
treatment and detection of infectious diseases and inflammation, and underscoring the potential

of polymer-based systems to address some of the most pressing biomedical challenges of our time.

Future advancements in antibacterial delivery systems will most plausibly focus on further
tailoring drug release profiles and nanoparticle degradation rates, as well as enhancing the
selective targeting of nanoparticles to pathogens or pathogen-infected cells, including
intracellular pathogens. Strategies involving external stimuli-triggered release of active
pharmaceutical ingredients, along with the incorporation of microfluidics for precise control over
nanoparticle size, are expected to play a significant role. The use of stimuli-responsive
polymersomes is also anticipated. While the covalent attachment of drugs to polymer carriers
offers greater control over release rates, it introduces a new prodrug chemical entity, which could

present challenges in the regulatory approval process.

The integration of fundamentally new antibacterial agents into polymer nanoparticles and
polymer-stabilized nanocrystals is urgently needed, as the portfolio of clinically used antibacterial
agents has stagnated. The lack of novel active pharmaceutical ingredients might lead to severe

increasing microbial resistance against current therapeutic strategies.
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In the realm of inflammation and infection sensors, future developments will likely enable the
detection of additional infection-specific analytes, such as free calcium, defensins, and
lipopolysaccharides. This progress could lead to the creation of a miniaturized implantable chip
equipped with multiple electrodes for the simultaneous in situ detection of several analytes—a
“chemical tongue” selective for infection. Such a device could be incorporated into medical

implants, such as hip or knee replacements, to facilitate early detection of infections.
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