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ABSTRACT OF DOCTORAL DISSERTATION

This work presents the synthesis and characteristics of novel polymeric carriers in
drug delivery systems for antibacterial treatments, including tuberculosis therapy. The
systems of linear copolymers were developed using monomeric ionic liquid (MILs) on
the base of choline, which was biofunctionalized by incorporation of therapeutic

substances.

Preparation of therapeutically active choline monomer was achieved by exchange
of the chloride anion in the quaternary ammonium group in the initial [2—
(methacryloyloxy)ethyl]trimethylammonium  chloridle =~ (TMAMA/CI) on the
pharmaceutical anion, including p—aminosalicylate (PAS), ampicillin, and cloxacillin.
Afterwards, the modified choline monomer was copolymerized with methyl methacrylate
(MMA) through controlled atom transfer radical polymerization (ATRP) to generate the
well-defined conjugates of linear copolymers functioning as single drug systems. In
analogical way, the copolymerization of two pharmaceutically functionalized monomers
MIL1 and MIL2 resulted in the dual drug copolymer conjugate systems. This approach

enabled the development of various drug delivery systems with tailored compositions.

Furthermore, the amphiphilic properties of choline-based poly(ionic liquid)s
(PILs) containing Cl or PAS anions have been confirmed by critical micellization
concentration (CMC), demonstrating their suitability as matrices for micellar systems.
The unique copolymer structure promoted the formation of self-assembled systems,
allowing for the encapsulation of drug, e.g., p—aminosalicylate in the form of acidic and
sodium salt (PASA, PASNa), and isoniazid (ISO). The encapsulation of drug in the case
of Cl-based choline copolymers provided a single drug systems, whereas the ionic
conjugates of polymers containing PAS anions were developed to the dual-drug systems
with synergistic therapeutic effects (PAS/ISO) or to the single-drug systems with
enhanced drug efficacy (PAS/PASA, PAS/PASNa).

In vitro studies confirmed the controlled release of drugs, with initial rapid release
observed within the first four hours, followed by a sustained release over 24—72 hours.
The structure of the copolymers and the nature of the incorporated drugs influenced the
release kinetic profiles. The designed choline-based polymer systems demonstrated
strong drug-loading capacities and effective encapsulation, highlighting their potential as

advanced carriers for antibacterial therapy.



ABSTRAKT ROZPRAWY DOKTORSKIEJ

Niniejsza praca przedstawia synteze i charakterystyke nowatorskich no$nikow
polimerowych w uktadach dostarczania lekéw do terapii przeciwbakteryjnych, w tym
leczenia gruzlicy. Uktady kopolimerow liniowych zostaty otrzymane z wykorzystaniem
monomerycznej cieczy jonowej (MIL) na bazie choliny, ktorg poddano
biofunkcjonalizacji poprzez wprowadzenie substancji terapeutycznej.

Przygotowanie terapeutycznie aktywnego monomeru cholinowego polegato na
wymianie anionu chlorkowego w grupie amoniowej wyjsciowego chlorku [2-
(metakryloiloksy)etylo]-trimetyloamoniowego (TMAMA/CI) na anion farmaceutyczny,
taki jak p—aminosalicylanu (PAS), ampicyliny i kloksacyliny. Nast¢pnie, zmodyfikowany
monomer cholinowy zostal poddany kopolimeryzacji z metakrylanem metylu (MMA)
metoda kontrolowanej polimeryzacji rodnikowej z przeniesieniem atomu (ATRP) w celu
uzyskania dobrze zdefiniowanych jonowych koniugatow liniowych polimeréw
dziatajacych jako systemy dostarczajace jeden lek. Analogicznie, kopolimeryzacja dwoch
farmaceutycznie funkcjonalizowanych monomeréw MIL1 i MIL2 prowadzita do
powstania koniugatow polimerowych zawierajacych dwa rézne leki w uktadzie.
Podejscie to umozliwito opracowanie réznorodnych systeméw dostarczania lekéw o
precyzyjnie dostosowanym sktadzie.

Ponadto, amfifilowe wlasciwosci cholinowych poli(cieczy jonowych) (PIL)
zawierajacych aniony CI lub PAS zostaly potwierdzone poprzez pomiary krytycznego
stezenia micelizacji (CMC), co wykazato ich przydatno$¢ jako matryc dla ukladow
micelarnych. Unikalna struktura kopolimerdéw sprzyjata samoorganizacji umozliwiajac
enkapsulacje lekow, tj. PAS w formie kwasowej lub soli sodowej (PASA, PASNa) oraz
izoniazydu (ISO). W przypadku kopolimeréw zawierajacych jednostki choliny w
przeciwjonem chlorkowym enkapsulacja prowadzita do uktadow transportujacych jeden
lek. Z kolei, enkapsulacja lekow w matrycy koniugatu polimeru z anionami
farmaceutycznymi umozliwita przygotowanie uktadow z dwoma lekami o
synergistycznym dziataniu terapeutycznym (PAS7/ISO) lub uktadéw z jednym lekiem o
zwiekszonej skutecznosci terapeutycznej (PAS/PASA, PAS/PASNa).

Badania in vitro potwierdzily kontrolowane uwalnianie substancji
farmaceutycznych, poczatkowo szybko uwalnianych w ciggu pierwszych czterech
godzin, a nastgpnie stopniowo w ciggu 24—72 godzin. Struktura kopolimerdéw oraz natura
zawartych lekow miaty istotny wplyw na profile kinetyczne uwalniania. Otrzymane
uktady polimeréw cholinowych wykazaly wysoka zdolno$¢ do zatadowania lekiem oraz
skuteczng enkapsulacje, podkreslajac ich potencjal jako zaawansowanych no$nikow do

terapii przeciwbakteryjnej.
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1. PURPOSE AND SCOPE OF RESEARCH

The objective of the research presented in this doctoral dissertation was to develop
novel polymer systems to serve as drug carriers based on bioactive linear poly(ionic
liquid)s (PILs) for either single or dual drug delivery applications. These carriers were
synthesized with the use of a monomeric ionic liquid (MIL) containing a pharmaceutical
anion, which enabled the creation of therapeutically functionalized monomers for
controlled atom transfer radical polymerization (ATRP). For this purpose, the chloride
counterions in the quaternary ammonium groups of the choline-based MIL, such as [2—
(methacryloyloxy)ethyl]trimethylammonium chloride (TMAMA/CI), underwent anion
exchange with a sodium salt of the selected pharmaceuticals, thus introducing a functional

anion with distinct therapeutic properties.

In the first series of ATRP reactions, the modified choline monomer was
copolymerized with methyl methacrylate (MMA) to produce well-defined linear
copolymers as single drug systems with various content of TMAMA and pharmaceutical
anions, controlled by adjusting the initial TMAMA—-to—-MMA ratio. In the second series
of ATRP reactions, performed under the same conditions, two pharmaceutically
functionalized MILs were copolymerized with MMA to create dual drug polymer

conjugates.

A second major focus of this research was to utilize the amphiphilic nature of the
copolymers for the encapsulation of selected drugs, thereby forming micellar systems for
both single and dual drug delivery. By combining anion exchange on the monomers
before polymerization and drug encapsulation after polymerization in linear copolymer
conjugates, the dual drug micellar systems were developed as platforms for combination

therapies.

Both types of dual systems transported two drugs with synergistic effects,
interacting differently with the polymer matrix, that is through ionic binding or physical
encapsulation. Comprehensive in vitro drug release studies were investigated by
comparison of kinetics profiles for various choline-based polymer systems to find
correlation between their structural parameters and delivery properties, which let to define

the most efficient polymer carriers for DDS.

The conducted research consists of the following tasks:
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lon Exchange: The CI counterion in the choline-based monomeric ionic liquid was

exchanged with a pharmaceutical anion by sodium salt of p—aminosalicylate (PAS),

ampicillin (AMP), cloxacillin (CLX) to produce a modified monomer.

1. Synthesis of Well-Defined Linear Copolymer Conjugates via ATRP using:

(o]

(o]

unmodified choline monomer containing Cl anions (TMAMA/CI),

one modified choline monomer, such as TMAMA/PAS, TMAMA/AMP
and TMAMAJ/CLX, to get single drug systems,

two modified choline monomers, such as (TMAMA/PAS with
TMAMA/AMP) and (TMAMA/AMP with TMAMA/CLX), to get dual

drug systems.

2. Standard physicochemical characteristics:

o

monomers by proton nuclear magnetic resonance (*H-NMR)
spectroscopy to verify the chemical structure of the MILs, including the
introduction of pharmaceutical anions through anion exchange.

polymers by H-NMR spectroscopy and size exclusion chromatography

(SEC) to confirm well-defined and precise structures.

3. Micellization and Encapsulation: Linear copolymer conjugates containing ClI

anions P(TMAMA/Cl-co-MMA)s, or single drug systems containing PAS anions
P(TMAMA/PAS—-co-MMA)s, were self-assembled and encapsulated with p-

aminosalicylate sodium (PASNa), p-aminosalicylic acid (PASA) and isoniazid

(ISO) to obtain micellar systems as single and dual drug systems.

4. Monitoring Drug Release: The drug release studies of polymer conjugates
(containing PAS, AMP, CLX, PAS/AMP, AMP/CLX) and micellar systems with
encapsulated drugs (PASNa, PASA, 1SO, PAS/PASNa, PAS/PASA, PAS/I1SO)
were conducted in phosphate-buffered saline (PBS) at pH 7.4 simulating

physiological conditions over a 72-hour period and assessed using UV-Vis

spectroscopy.
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2. INTRODUCTION

Over the last two decades, various drug delivery systems (DDS) have been explored
to enhance the bioavailability and administration of pharmaceuticals [1, 2, 3, 4].
Conventional drug delivery methods such as normal tablets and capsules often encounter
challenges such as rapid drug degradation, poor solubility, and uncontrolled release,
which can result in suboptimal therapeutic outcomes and potential toxicity from high drug
concentrations [5, 6]. These limitations reduce the efficacy of pharmaceuticals and pose

risks to healthy tissues [7, 8, 9, 10].

2.1. NANOCARRIERS IN DRUG DELIVERY SYSTEMS

To address these challenges, nanocarriers have emerged as highly promising
innovations in advanced DDS [11, 12, 13, 14, 15]. They can improve the solubility and
stability of poorly soluble drugs and provide targeted delivery and enhance absorption of
drug in a specific tissues, for instance tumor [16, 17, 18, 19, 20, 21]. Additionally, they
can navigate biological barriers, such as the blood—brain barrier, protecting drugs from
premature degradation with the biological environment and extending their circulation
time [22, 23, 24]. By enabling precise control over drug release, they can sustain
therapeutic levels in the bloodstream, thereby decreasing the frequency of dosing [22,
25]. The improved control over drug pharmacokinetics and biodistribution lead to better
therapeutic outcomes [26]. Among the advanced approaches, stimulus-responsive carriers
represent a cutting-edge innovation in nanocarrier technology. These systems are
engineered to respond to specific internal or external triggers, such as temperature
changes, pH variations, light exposure, magnetic fields, or specific biological molecules
[27, 28, 29, 30, 31]. They are particularly advantageous in treating complex conditions,
such as cancer, where precise targeting and controlled drug release are essential. These
advanced systems can dynamically adjust drug release profiles in response to the target
environment, allowing real-time adaptation to the changing conditions. This capability
not only enhances treatment effectiveness but also reduces the risk of drug resistance and
toxicity, addressing challenges that traditional drug delivery methods cannot overcome

[32].
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2.1.1. POLYMER-BASED NANOCARRIERS

Polymer-based nanocarriers play a crucial role in advanced DDS due to their
structural versatility and ability to respond to physiological stimuli [33, 34, 35, 36, 37,
38], drug encapsulation and release in a controlled manner [39, 40, 41]. The precise
synthesis of polymers with precise architectures, defined compositions, uniform chain
lengths, and site-specific functionalities [42, 43, 44, 45], such as mechanical strength,
bioactivity, tissue adhesiveness, biodegradability and processability [46, 47], creating
custom-made polymers through controlled polymerization methods [48, 49, 50, 51].
These engineered polymer structures, such as linear, star-shaped [52, 53, 54] and grafted
topologies [55, 56, 57] with bio-therapeutics functions [58, 59, 60], enable the design of
nanoparticles with varied shapes, sizes, and surfaces that improve targeting, prolonging
release times and intracellular delivery to organelles like endosomes, lysosomes, and the
cytoplasm [61]. Their optional biodegradability allows them to decompose safely after
completing their therapeutic role, reducing long-term toxicity risks [62]. Polymers with
ionizable groups, such as polyethylenimine (PEI), are particularly effective for
intracellular drug delivery due to their ability to destabilize endosomal membranes
through the "proton sponge effect," which facilitates the release of drugs into the
cytoplasm [63, 64, 65]. Polymer carriers are utilized to deliver targeting moieties such as
antibodies [66], ligands [67, 68], as well as imaging agents like contrast dyes, fluorescent
markers, and radioactive tracers, which enhance visualization in techniques like magnetic
resonance imaging (MRI), and fluorescence imaging [69, 70]. Additionally, they transport
proteins, such as enzymes [71, 72], and therapeutic peptides to protect them from
degradation and enhance therapeutic effectiveness [73, 74, 75, 76]. Various polymer-
based DDS have been developed, such as polymer-drug conjugates [53, 77, 78, 79],
hydrogels [80], nanoparticles [81], dendrimers [82, 83], liposomes [84], capsules [85],
cross-linked microgels/nanogels [86, 87], micelles [88, 89, 90] and vesicles [91], allowing
drugs to be either conjugated with polymers or encapsulated within polymer
nanostructures. Each type offers distinct properties tailored to specific therapeutic needs;
hydrogels provide sustained release in localized tissues [92], and nanoparticles enable
targeted delivery, significantly improving the overall efficiency and effectiveness of drug

administration [93]. Extensive research has focused on both polymer-based encapsulation
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(polymeric micelles) and polymer-drug conjugation to overcome issues with drug

hydrophilicity [94, 95].

2.1.2. POLYMERIC MICELLES

Polymeric micelles have gained significant attention in the past decade as versatile
and effective nanocarriers in DDS [96, 97, 98]. They are formed through the self-
assembly of amphiphilic polymers involving hydrophobic and hydrophilic phase
segregation [99, 100, 101]. The self-organization process that occur when the
concentration of amphiphilic polymer, including linear and graft copolymers [102, 103],
exceeds a particular threshold referred to as the critical aggregation concentration (CAC)
or critical micelle concentration (CMC) [104, 105, 106, 107, 108, 109]. At this point, in
aqueous environment the hydrophobic segments of the block copolymers aggregate to
reduce their exposure to water molecules, resulting in the creation of a vesicular or core-
shell micellar structure (monolayers) [110, 111, 112, 113, 114, 115, 116], differ from
vesicles, which are bilayers of self-assembled polymers [117, 118, 119, 120, 121]. A lower
CMC correlates with more stable micelles under physiological conditions [122], essential
for their effectiveness as drug delivery vehicles [64, 123, 124, 125]. The sizes of the
micelles are in the range of 10 to 100 nm. The micelles morphology depends on the
balance between hydrophobic and hydrophilic segments and the solvent conditions
yielding spherical, tubular, and inverse micelles, as well as bottle shaped structures that
are developed for various applications [107]. Various methods are used to prepare
micelles, including dilution [107, 126, 127], lyophilization [127, 128], solvent
evaporation [129, 130, 131], dialysis [129, 132, 133], and oil-in—water emulsion [134].
They are characterized by multiple techniques, such as dynamic light scattering (DLS),
small-angle X-ray scattering (SAXS), small-angle neutron scattering (SANS), electron
paramagnetic resonance (EPR) spectroscopy, transmission electron microscopy (TEM),

and atomic force microscopy (AFM) [133].

Moreover, the simultaneous delivery of various bioactive compounds has been
investigated to improve the effectiveness of the main drug [135, 136, 137]. Polymeric
micelles are particularly notable for their ability to co-deliver multiple drugs, for example
doxorubicin (DOX) and paclitaxel, providing an effective strategy for targeting
multidrug-resistant tumors. Notably, the representative block copolymers are self-
assembled into micelles characterized by a hydrophilic poly(ethylene oxide) (PEO) shell,
which enhances their stability in the bloodstream, and a hydrophobic core made of

14



poly(L—amino acids) segments, which is suitable for encapsulating hydrophobic drugs.
This structure shows significant potential in improving the delivery and efficacy of
hydrophobic anticancer drugs through passive tumor targeting due to the enhanced

permeability and retention effect [138].

2.1.3. POLYMER-DRUG CONJUGATES

Polymer—drug conjugates, initially introduced by Horst Jatzkewitz in 1955, serve
as an innovative delivery system for the drug [139]. In 1975, Helmut Ringsdorf
established the conceptual framework for their use as targeted drug carriers [140]. Since
that pivotal development, the field has made significant advancements, particularly in
clinical trials [141]. This system is characterized by a strategically designed covalent bond
that links a water—soluble polymer to a bioactive molecule via bioresponsive linkers,
enhancing stability while maintaining the diversity, specificity, and functionality of
biomolecules [142]. Polymer carrier can improve drug solubility and loading capacity
[143], as well as control pharmacokinetic profiles by efficient drug release [144, 145],
and enhance drug half-life by decreasing immune system recognition. Additionally, they
increase drug accumulation specificity at the target site through passive and active
transport mechanisms [146, 147, 148, 149]. The development of new polymer drug
conjugates that effectively interact with biological systems remains a challenge, as the
drugs need to possess free functional groups that allow direct conjugation to polymer
backbones through chemical linkers. The macromolecular conjugates facilitate the
simultaneous delivery of drugs and/or bioactive molecules with varying properties,
functioning as multifunctional nanocarriers [150, 151]. Due to these benefits, polymer
drug conjugates have been applied extensively in medicinal treatments for various
diseases, such as cancer, osteoporosis, infection, and immunodeficiency. A wide variety
of polymeric carriers have been explored for drug conjugation, with polyethylene glycol
(PEG) and polymers of N—(2—-hydroxypropyl)methacrylamide (PHPMA) being among
the most studied [152, 153]. Notably, PEGylated protein, that is bovine—serum—albumin—
conjugated PEG, has shown significant application in disease treatment [154, 155], while
PHPMA-DOX polymer-drug conjugates have demonstrated enhanced anticancer
efficacy with reduced side effects, advancing to clinical trial [156, 157, 158]. To date,
several PEG-drug conjugates have received approval of food and drug administration

(FDA) [159, 160]. In conclusion, the combination of biocompatibility, structural support,
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and modifiable surfaces has made polymer nanocarriers a cornerstone in clinical
applications [161], with approved treatments for various diseases including anticancer
therapy, tumor targeted immunotherapy, modern vaccines, respiratory infections,

diabetes, inflammatory disorders and regenerative medicine [162, 163, 164, 165].

2.2. IONIC LIQUIDS

One specific group of amphiphilic copolymers is derived from ionic liquids (ILs)
used as monomers (MIL). ILs are a distinctive class of liquid salts composed of organic
cations and anions [166, 167, 168, 169]. They possess melting points below 100°C and
are non-flammable, stable thermally and chemically with low vapor pressure at room
temperature and adjustable viscosities, chemically inert with tunable polarity, and
represent high ionic conductivity [170, 171, 172, 173, 174, 175]. These properties, along
with the ability to undergo ionic exchange, make ILs highly versatile and customizable,
allowing for the modification of their physicochemical properties [176, 177]. Due to these
tunable properties, ILs have found widespread applications in various fields, including
synthesis, catalysis, extraction, electrochemistry, analytics, and biotechnology [178, 179].
Their ability to alter properties through ion exchange makes them particularly attractive
for ecological, biochemical, and medical applications [180, 181].

Among the bioactive ILs, choline-based ILs are particularly noteworthy due to their
biocompatibility, bioavailability and inherent biological activity [182]. Choline,
identified as 2-hydroxyethyl trimethylammonium chloride, is a naturally occurring
compound produced by the human body through hepatic synthesis, where it plays
vitamin-like functions. It is employed in a variety of vital processes as a part of
phospholipids such as phosphatidylcholine (lecithin) and as a precursor to acetylcholine,
a vital neurotransmitter. Choline—based ILs can demonstrate antibacterial [183, 184],
anti-inflammatory and antioxidant activities which is particularly advantageous in
biomedical applications [185]. Additionally, their ionic structure facilitates ion exchange
between chloride anions and pharmaceutical anions, either before or after polymerization.
This adaptability enables choline—based IL units in polymeric carriers to enhance the
pharmacodynamic and pharmacokinetic of carried drugs, offering promising alternatives
to traditional pharmaceutical formulations [186]. Their biological attributes include
enhancing skin penetration [187], functioning as stabilizers [188, 189], cytotoxic and
local anesthetic properties, anti-fungal and anti-acne activities, and antibiotic actions
[177, 190, 191].
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Generally, the versatility of IL drugs, extends to their role in accommodating a wide
range of pharmaceutical substances, including antiviral, antimicrobial, antioxidant,
anticoagulant, nonsteroidal anti—inflammatory drugs, anticancer agents, and others [177,
192, 193, 194, 195, 196, 197]. The widely employed cholinium cation offers
biodegradability, water—solubility, and low cost for various applications [182, 198, 199].
These bioactive ILs have been studied in combination with various drugs, such as
phenytoin [200], ampicillin (AMP) [201], nalidixic acid, and niflumic acid, p-
aminosalicylic acid (PASA), pyrazinoic acid, and picolinic acid demonstrating enhanced
solubility and increased membrane permeability of active pharmaceutical ingredients
[182, 198].

2.2.1. POLYMERIZED CHOLINE IONIC LIQUIDS

Specific groups of ionic copolymers, known as poly(ionic liquid)s or polymerized
ionic liquids (PILs), are derived from monomeric ionic liquids (MILs) [202]. These
copolymers can be synthesized through controlled radical polymerization techniques
resulting in the well-defined polymer structures [203]. These polymerized structures,
often with chloride counterions, can undergo ion exchange to generate pharmaceutical
activities tailored to specific biomedical needs. The commercially available choline ester
derivative, [2—(methacryloyloxy)ethyl]trimethylammonium chloride, commonly known
as methacryloylcholine (TMAMAV/CI), is a choline-based MILs that plays a crucial role
in the synthesis of choline—based PILs [204]. One of the key strategies in enhancing the
functionality of choline—based PILs involves ion exchange, where chloride anions in the
polymer matrix are exchanged with anionic drugs, such as sulfacetamide [205], p-
aminosalicylate (PAS) [206, 207], fusidate [206, 208], clavulanate [206, 207], and
piperacillin [206, 204]. This ion exchange process allows the PILs to be tailored for
specific biomedical applications, generating drug-PIL ionic conjugates with improved
pharmacological properties. In addition, the polymerization of choline MILs modified
with pharmaceutical anions, such as salicylate [204, 209, 210], fusidate [211], cloxacillin
(CLX) [211] has been reported mostly for graft copolymers, whereas the main goal of the
presented thesis is related to the linear copolymers to expand the scope of
pharmaceutically active choline-based PILs and understand their delivery behavior.

lonic conjugates have also been synthesized using imidazolium and pyridinium

PILs with naproxen anions [212], as well as guanidinium PILs combined with ampicillin
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anions [213]. This versatility underscores the potential of PILs as adaptable carriers for
diverse pharmaceutical compounds. The capacity to modify PILs by ionic exchange
positions them as innovative materials in drug delivery, offering new opportunities for
developing pharmaceutically active polymeric systems tailored to specific therapeutic

needs.

2.2.2. SELF-ASSEMBLED PILs

Self—assembled PILs have been extensively studied for their ability to form
micellar systems that encapsulate and deliver active pharmaceuticals, offering a versatile
platform for advanced DDS. The unique amphiphilic nature of PIL-based conjugate
enables the creation of micellar structures that not only act as carriers for ionic drugs but
also contribute to the overall biological activity of the system by encapsulating a non-
ionic second drug into the core of the micelle. This dual functionality makes PIL micelles
particularly attractive for combination therapies, where they can co—deliver ionic and
non-ionic drugs in one formulation, enhancing the therapeutic efficacy of treatments,
especially in cases involving drug-resistant strains. PIL micelles have demonstrated the
capability to encapsulate a wide range of active pharmaceuticals, including curcumin
[214, 215], paclitaxel [216], DOX [217, 218], dopamine [219], acyclovir [220, 221],
rifampicin [208], erythromycin [205], tazobactam [222].

In addition, the systems based on PILs containing pharmaceutical anions and
encapsulated with a non-ionic drug in the micellar core, exhibit enhanced overall
biological activity, making them highly effective as dual drug delivery platforms [205].
For example, choline-based PILs demonstrated a controlled drug release for micellar
conjugate systems with salicylate anions (40-50%) and encapsulated erythromycin (60—
70%) over a three-day period [205], or fusidate anions (31-55%) and encapsulated
rifampicin (19-31%) [208], and piperacillin anions (21-25 %) and encapsulated
tazobactam (47-69%) [222] over a two-day period. These findings underscore the
potential of PIL micelles to deliver multiple therapeutics simultaneously, providing a

synergistic effect that enhances the treatment's effectiveness.
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3. OVERVIEW OF THE RESULTS

As part of this doctoral dissertation, the novel biofunctionalized choline ionic
liquid linear copolymers via atom transfer radical polymerization (ATRP) for use in both
single and dual delivery systems were designed, synthesized, and characterized. Most of
them were prepared utilizing choline-based MILs containing pharmaceutical anion. The
amphiphilic nature of these polymer conjugates allowed to self-assemble and encapsulate
selected drugs, resulting in the formation of micellar systems. The drugs, including
pharmaceutical anions, utilized in this research are aimed at antibacterial treatment,
including tuberculosis. Drug release studies were performed in PBS at pH 7.4. An

overview of the entire work is presented in Figure 1.
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Figure 1. Schematic overview of research studies.
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3.1. PREPARATION OF CHOLINE BASED MONOMERIC IONIC LIQUIDS
WITH PHARMACEUTICAL ANIONS (P.1.; P4.; P.5)
Keywords: ionic exchange to TMAMA/PAS (P.1, P.2, P.3, P.4), TMAMA/AMP (P.4,

P.5) and TMAMA/CLX (P.5); biological functions of PAS as antituberculosis drug and
AMP, CLX as antibiotics; efficiency of drug introduction by *H-NMR.

The process involved modifying the water-soluble ionic liquid [2—
(methacryloyloxy)ethyl]trimethylammonium chloride (TMAMAJ/CI), which contains a
polymerizable methacrylate group, and quaternary ammonium group with chloride
counterion (CI"), where the letter one was exchanged by pharmaceutical anion (X),
becoming from their sodium salt. This exchange led to the formation of a new monomer
containing X , such as [2—(methacryloyloxy)ethyl]trimethylammonium pharmaceutical
(TMAMAV/X). The selected drugs for the study included sodium salts of PAS, AMP, and
CLX anions. The ion exchange process is illustrated in Figure 2.
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/N\/\GJWW/CHS Ionic exchange o . HsC ox,
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TMAMA/CL Na T
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N CH.
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- CH,
+ L
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Figure 2. Reaction schemes for ionic exchange of TMAMA/Cl by CLXNa, AMPNa and
PASNa to produce TMAMA/CLX, TMAMA/AMP and TMAMA/PAS as the
pharmaceutically biofunctionalized MILs.

PAS possesses antibacterial properties and is used in the treatment of tuberculosis
[223]. It belongs to the class of drugs known as antitubercular agents. It is effective in
inhibiting the growth of M. tuberculosis by disrupting folic acid synthesis [224], which is
essential for bacterial survival and replication, facilitating their elimination [225]. The
chemotherapeutic effect PAS is significantly enhanced through its synergistic interaction

with other antitubercular drugs. This interaction not only extends the half-life of these

20



drugs, allowing them to remain active in the body for longer periods, but also helps
prevent the development of drug resistance, a critical concern in tuberculosis treatment.
Additionally, PAS has been shown to increase the plasma concentrations of other
tuberculosis drugs, such as isoniazid, by competing for the same metabolic pathways
[226]. This boosts the overall efficacy of the treatment regimen against M. tuberculosis
strains, making PAS a valuable component in the management of multi drug resistant
tuberculosis [227].

CLX is a B-lactam antibiotic belonging to the penicillinase-resistant penicillin
subgroup. It is a semi—synthetic penicillin derivative designed to resist degradation by B—
lactamase enzymes, which are produced by certain bacteria to inactivate other penicillin.
Chemically, it is known as (2S,5R,6R)-6-[(3—(2—chlorophenyl)-5-methylisoxazole—4—
carbonyl)amino]-3,3-dimethyl-7—-oxo—4-thia—1-azabicyclo[3.2.0]heptane—2—
carboxylic acid. It is effective against gram-positive bacteria and primarily used to treat
infections caused by penicillinase—producing S. aureus, which are resistant to other
penicillin but remain susceptible to CLX due to its ability to withstand enzymatic
breakdown [228]. Furthermore, it is indicated for the treatment of a variety of infections,
such as skin and skin structure, osteomyelitis, endocarditis and respiratory tract infections
and meningitis [229, 230].

AMP is an antibiotic belonging to the p-lactam group and is a semi-synthetic
penicillin, chemically known as (2S,5R,6R)-6—([(2R)-2—-amino—2-phenylacetyl]-
amino)-3,3—-dimethyl-7—oxo—4-thia—1-azabicyclo[3.2.0]heptane—2—carboxylic acid. It
is acid-stable with good oral absorption and relatively non—toxic. It functions by
inhibiting bacterial enzyme activity essential for cell biosynthesis [231, 232, 233] and
exhibits a broad spectrum of action in preventing and treating various bacterial infections,
including urinary [234] and respiratory infections [235], endocarditis [236], salmonellosis
[237], sepsis [238], gastrointestinal infections [239], meningitis [240] and enterobacteria.
The spectrum of AMP's activity is enhanced by co—administration with sulbactam, which
inhibits B—lactamase activity [241]. Additionally, it demonstrates efficacy against both
gram-positive and gram—negative bacteria, including B. thuringiensis, E. coli, S. enterica,
S. aureus, E. faecalis, and P. putida [242, 243].

The anion exchange reaction was monitored using 'H-NMR spectra, which
confirmed the structures of modified monomers, and a summary of the results for all of

them is provided in Figure 3. The efficiency of ion exchange was evaluated by analyzing
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the signal assigned to the 9 protons in the trimethylammonium group and the
pharmaceutical counterions (F).
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Figure 3. Summary of H-NMR spectra of the anion exchange of monomers,
TMAMA/CI before anion exchange (a), and modified monomers including
TMAMAV/PAS (a), TMAMA/CLX (c), and TMAMA/AMP (d).

For TMAMA/PAS, the exchange of the chloride anion in TMAMA/CI reached 77%
efficiency after 3 hours (P.1.—Figure 2), whereas after 5 hours the exchange achieved
100% efficiency with signal F shifting from 3.18 ppm to 3.15 ppm (Figure 3Db). In the
case of TMAMA/CLX, the signal F shifted slightly to 3.14 ppm, signifying 100% anion
exchange after 3 hours (Figure 3c). For TMAMA/AMP, signal F at 3.16 ppm split into a
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doublet with maxima at 3.20 ppm and 3.12 ppm, indicating exchange efficiency of 47%
after 20 hours (Figure 3d). In this case, extending the reaction time did not enhance
efficiency. This could be attributed to the structure of the AMP anion, which is not

beneficial for a complete exchange of chloride anion in the TMAMA.

3.2. SYNTHESIS OF LINEAR CHOLINE BASED POLYMERS BY ATRP.

Keywords: a brief overview of ATRP; functions of TMAMA and MMA; general strategy
of experiments.

ATRP has proven to be a highly effective method for synthesizing well-defined
linear copolymers with controlled molecular weights, narrow dispersity indices, and
precisely tailored functional properties. This technique is based on a reversible redox
exchange between a metal catalyst and an alkyl halide initiator, which facilitates a
controlled radical polymerization process. By using ATRP, it is possible to integrate
various monomers into a single polymer chain, providing excellent control over the
polymer’s architecture and composition [244, 245].

In this study, polymer matrices were designed using biocompatible monomers, such
as biofunctionalized choline ionic liqguids TMAMA and methyl methacrylate (MMA).
MMA is a versatile and well-known monomer, extensively used in biomedical
applications due to its combination of non-toxicity [246, 247], antimicrobial effects [248],
transparency, and excellent mechanical properties [249], such as rigidity and durability.
It is commonly employed in the production of bone cements [250], dental implants [251],
and contact lenses [252], underscoring its importance in healthcare. However, its inherent
hydrophobicity can limit its compatibility with biological systems, which explains its
copolymerization with hydrophilic and functional comonomers, for example TMAMA,
to enhance its biocompatibility and expand its potential for advanced medical applications
[253].

The use of ATRP in the copolymerization of MMA with TMAMA provided precise
control over the balance between hydrophobic and hydrophilic components within the
linear copolymer matrix. This was achieved by varying the TMAMA/MMA initial ratio
(e.g., fm/fmz = 25/75, 50/50, 75/25) and initial ratio of monomer to initiator allowing for
the fine-tuning of the copolymer's properties to meet specific functional and
biocompatibility requirements of their potential as nanocarriers for DDS. The same drug
content in the polymer was regulated by the content of modified TMAMA units. The

linear copolymers were designed to function as either single DDS carrying PAS, AMP,
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or CLX, or as dual DDS with two different pharmaceutical anions, that is PAS/AMP or
CLX/AMP. In these systems, the drug anions are linked to the polymer matrix via ionic
bonds. Additionally, the TMAMAV/CI without modification was polymerized to assess the
impact of the pharmaceutical anion on the polymerization reaction, and then to show
dependency of the physicochemical properties and drug delivery abilities on the structural
characteristics of the resulting polymers. The polymers varied in several parameters,
including TMAMA monomer conversion (Xw1) and total conversion (X) used for
calculations of polymerization degree of the ionic monomer (DPwm1) and total degree of
polymerization (DPy), as well as the content of ionic fraction in the polymer (Fmz1). The
number-average molecular weight of the copolymers (Mn) was determined using proton
nuclear magnetic resonance (*H-NMR) as Mnnmr and size-exclusion chromatography
(SEC) as Mn sec. Discrepancies between SEC and NMR-derived M values may arise due
to the use of a poly(ethylene oxide) (PEO) calibration standard, which is hydrophilic but
not ionic, and differs in nature from the ionic polymers. The SEC analysis was also used

to determine the polymer dispersity index (D).

3.2.1. LINEAR POLYMER-DRUG IONIC CONJUGATES AS SINGLE DRUG
DELIVERY SYSTEMS (P.1.; P4.; P.5)
Keywords: P(TMAMA/CI-co-MMA) vs. P(TMAMA/PAS-co-MMA) (P.1),

P(TMAMA/AMP-co-MMA)  (P.4), (TMAMA/CLX-co-MMA) (P.5);  basic
characteristics by *H-NMR and SEC; drug content by UV-Vis.

The TMAMAJ/CI or pharmaceutically modified monomer TMAMA/X was
copolymerized with MMA in molar ratios of 25/75, 50/50, and 75/25 at 40°C for a
specified time using optimized monomer to initiator ratios (400:1 and 600:1 for
TMAMA/CI and TMAMA/PAS, 400:1 for TMAMA/AMP and TMAMA/CLX). These
reactions were initiated by monofunctional ethyl 2—-bromoisobutyrate (EBiB), catalyzed
by a copper (1) bromide/N,N,N',N",N"- pentamethyldiethylenetriamine (CuBr/PMDETA)
complex, and dissolved in a methanol/tetranydrofuran (MeOH/THF) solvent mixture
(Figure 4). They yielded the well-defined linear copolymers P(TMAMA/Cl-co-MMA)s
(Table 1) and the well-defined polymer-drug ionic conjugates P(TMAMA/X-co-
MMA)s varying by bioanion contents (Table 2).
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Figure 4. Reaction scheme for synthesis of linear copolymers P(TMAMA/X-co-MMA)
or P(TMAMA/Cl-co-MMA\) via copolymerization of TMAMA/CI or TMAMA/X with
MMA through ATRP.

Table 1. Characteristics of P(TMAMA/CIl-co-MMA) L1-5 synthesized by ATRP.

'H-NMR SEC

fmi/fmz Time | Xw?® Xt | opoa | ppa | Pwet Mp? MqP
(mol %) | (h) (%) | (%) (mol) | (g/mol) | (g/mol)
L1 25/75 15 52 51 52 203 | 0.26 | 26900 22400 | 1.26
L2 25/75 5 47 65 71 390 | 0.18 | 46700 47900 | 1.12
L3 50/50 1.7 45 45 90 179 | 0.50 | 27600 29600 | 1.13
L4 50/50 6.5 74 82 224 | 497 | 0.45 | 73800 67700 | 1.96
L5 75/25 2.1 44 44 132 | 178 | 0.74 | 31900 29900 | 1.14
L1-L5: MI=TMAMA/CI; M2=MMA,; conditions: [M1+MZ2]o:[EBiB]o:[CuBr]o:[PMDETA]o=
400:1:1:1 (except L2,L.4, where [M1+M2]o:[EBiB]o=600:1), MeOH: TMAMA=1:1(v/w), MeOH:THF
=3:1 (V/V), 40°C; Xm1 — conversion of TMAMA/CI. éin DMSO-d6, in water, PEO calibration.

No. pb

Table 2. Characteristics of P(TMAMA/PAS—co—-MMA) (I-PAS) P(TMAMA/AMP—co—
MMA) (II-AMP); P(TMAMA/CLX-co-MMA) (III - CLX) synthesized by ATRP.

'H-NMR SEC

Time | Xw® | X2 Fwi? Mn? MnP
. Imt’ﬁ% M | ©) | @) | PP | PP | o | @imoly | (gimol)
IA-PAS | 25/75 | 0.66 | 61 66 68 272 | 0.25 | 42500 | 65900 | 1.29
IB-PAS | 25/75 | 19 84 31 139 | 190 | 0.74 | 50300 | 51600 | 1.33
IC-PAS | 50/50 | 0.91 | 25 32 56 133 | 0.42 | 25800 | 67300 | 1.25
ID-PAS | 50/50 4 87 47 261 | 279 | 0.93 | 86500 | 212200 | 1.55
IE-PAS | 75/25 | 0.73 | 29 37 97 162 | 0.60 | 37900 | 96600 | 1.36
HA-AMP | 25/75 | 27 93 33 93 131 | 0.71 | 52100 | 557000 | 1.25
11B-AMP | 50/50 | 20 94 77 188 | 308 | 0.61 | 109800 | 709800 | 1.22
IIC-AMP | 75/25 | 21 92 91 275 | 363 | 0.76 | 152200 | 102300 | 1.31
IHIA-CLX | 25/75 2 87 40 87 160 | 0.54 | 59900 | 10700 | 1.24

IIB-CLX | 50/50 2 90 60 179 | 241 | 0.74 | 115100 - -
IIC-CLX | 75/25 2 92 75 277 | 299 | 0.93 | 170200
I-PAS: M1=TMAMA/PAS; M2=MMA; IIA-AMP to IIC-AMP: M1= TMAMA/AMP Il CLX
M1=TMAMA/CLX; conditions: [M1+M2]o: [EBiB]o:[CuBr]o:[PMDETA]o= 400:1:1:1 (except IB-
PAS and ID-PAS, where [M1+M2]o:[EBiB]o=600:1), MeOH: TMAMA=1:1(v/w), MeOH:THF =3:1
(v/v), 40°C; X1 - conversion of TMAMA/PAS or TMAMA/AMP or TMAMA/CLX. 8in DMSO-d6),
bin water, PEO calibration, except polymers containing CLX (DMF, PEO calibration); — means not

determined.

Db
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The total conversion of both monomers was calculated based on the integration of
a broad signal at 0.54-1.2 ppm, corresponding to the protons in the methyl group of the
polymer chain and the signals from a proton in the vinyl groups of the unreacted TMAMA
and MMA monomers in the range of 5.25-6.25 ppm. Additionally, the proton signal from
the vinyl group of unreacted TMAMA at 6.09 ppm, along with the proton signal from the
trimethylammonium group (present in both the monomer and resulting polymer) between
2.94-3.30 ppm, was used to determine the TMAMA content. Representative spectra are
presented in the original articles (P.1. —Figure 3 and 4, P.4., P.5. —Figure 3).

Linear copolymer conjugates were obtained with total monomer conversions
ranging from 31 to 91%, and ionic monomer conversions between 25 to 94%. It yielded
copolymers exhibited a wide range of DP, values, but the series with AMP and CLX,
indicated that equimolar or higher initial ratios of TMAMA to MMA promoted the
formation of long polymer chains, exceeding 240 repeating units, even within shorter
reaction times (I1IB-AMP and IIC-AMP vs. IIA-AMP).

The compositions of copolymers showed the ionic fraction content in correlation
with the initial content of TMAMA monomer was very well, but in some cases, it was
higher than initially anticipated. The trend when fmi~Fwm1 (the PAS series: 25/25 (1A),
50/42 (IC), 75/60 (IE); the AMP series: 50/61 (11B) and 75/76 (11C); the ClI series: 25/26
(L1), 25/18 (L2), 50/50 (L.3), 50/45 (L4), and 75/74 (L5)), indicates the copolymerization
follows a statistical copolymer, suggesting similar reactivity between TMAMA and
MMA. However, in cases where fu1 < Fmy (the PAS series: 25/74 (IB), 50/93 (1D); the
AMP series were 25/71 (I1A); the CLX series, 25/54 (111A), 50/74 (111B), and 75/93
(I11C)), TMAMA appears to be incorporated into the polymer chain more rapidly than
MMA, implying that its reactivity is higher under the given polymerization conditions.
This preferential incorporation suggests a dominated gradient copolymerization process
rather than a strictly statistical one. Furthermore, most of the copolymers had a narrow
molecular weight distribution, as determined by SEC, with P values ranging from 1.12
tol.55 with exception for polymer L4 (B = 1.96), which had the longest chains
(DP = 497).

The drug content (DC), representing the percentage of pharmaceutical anions
incorporated into the polymer chain, evaluated by UV-Vis spectroscopy was ranged from
67-80% for CLX, 61-76% for AMP, and 24-47% for PAS (Figure 5). A simultaneous
increase in DC was observed with the increase in total polymerization degree (DC / DP,,
33/133 (IC-PAS), 42/190 (IB-PAS), 47/279 (ID-PAS) as shown in Figure 5a; 61/131
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(HA-AMP), 71/308 (IIB-AMP), 76/363 (IIC~AMP) in Figure 5b; and 67/160 (II1A-

CLX), 73/241 (11IB-CLX), 80/299 (11IC-CLX) in Figure 5c).
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Figure 5. Summary comparing drug content (DC) for all single drug linear copolymer
conjugates, containing (a) PAS, (b) AMP and (c) CLX, in relation to the ionic fraction

content (Fmi1) and polymer chain length (DP,).
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When comparing IA-PAS and IB-PAS, both with an initial TMAMA/PAS to
MMA ratio of 25:75, but with differing monomer to initiator ratios for IA-PAS (400:1)
and for IB-PAS (600:1), the latter achieved a higher drug content (DC = 42%).
Additionally, a similar trend was observed for IC-PAS and ID-PAS, prepared with an
initial TMAMA/PAS to MMA ratio of 50:50. In this case, ID-PAS (600:1) achieved a
higher drug content (DC = 47%) than IC-PAS (400:1), likely due to the more diluted
reaction mixture, which proved to be a more effective option for attaining higher content
of TMAMA with drug counterion. The highest DC values were achieved for the longest
polymer chains with the highest ionic contents (DPn/ Fmi(%) = 299/93 (111IC-CLX),
363/76 (IIC-AMP), and 279/93 (ID—PAS)) making them the most advantageous systems,
but in the case of PAS system drug content was double lower than for other ones (47%
vs ~80%).

The reaction procedures and detailed discussions of the results are presented in the
original publications (P.1, P.4, and P.5), including structural parameters such as Xwmi, X,

DPwmi, DPy, Fumi, and My, which were calculated based on the 'H-NMR analyses.

3.2.2. LINEAR POLYMER-DRUG IONIC CONJUGATES AS DUAL DRUG
DELIVERY SYSTEMS (P.4.; P.5)
Keywords: P(TMAMA/AMP—co-TMAMA/PAS-co-MMA) (P.4), and

P(TMAMA/AMP -co-TMAMA/CLX-co-MMA) (P.5); basic characteristics such as *H-
NMR and SEC; drug content (DC) by UV-Vis.

The syntheses of dual drug systems were performed under the same conditions as
those previously explained for the single drug copolymer conjugates. In this series, two
pharmaceutically functionalized MILs, either TMAMA/AMP with TMAMA/PAS, or
TMAMA/AMP with TMAMA/CLX, were copolymerized with MMA at varying initial
ratios (12.5/12.5/75, 25/25/50, and 37.5/37.5/25). The resulting copolymers,
P(TMAMA/AMP—-co-TMAMA/PAS-co-MMA)s, named IVA-AMP+PAS to IVC and
P(TMAMA/AMP—co-TMAMA/CLX-co—-MMA)s, named VA-AMP+CLX to VC are
shown in Figure 6 and their standard characteristics is presented in Table 3. The dual drug
linear polymer conjugates were designed to co—deliver two various anion drugs
simultaneously. Monomer conversion into polymer was determined by *H-NMR analysis
(P.4.and P.5. —Figure 4), using analogous signals to those described for the single drug

series.
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Figure 6. Reaction scheme for the synthesis of dual drug linear copolymers
P(TMAMA/X1-co-TMAMA/X2—co—MMA) through copolymerization of TMAMA/X1
and TMAMA/X2 with MMA via ATRP.

Table 3. Characteristics of linear copolymers P(TMAMA/AMP—-co-TMAMA/PAS—co—
MMA) (IV-AMP+PAS) and P(TMAMA/AMP-co-TMAMA/CLX-co-MMA) (V-
AMP+CLX) synthesized by ATRP.

TH-NMR SEC
fMl/fMZ Time Kmi? xa Fmi2 M2 Mnb

No. mol %) | () | @) | @) | PP | PP | (mol) | (@/mol) | (g/mol) | ©°
IVA_AMP+PAS | 25/75 | 20 | 89 | 31 | 89 | 122 | 0.71 | 26900 | 173800 | 1.78
IVB_AMP+PAS | 50/50 | 20 | 86 | 47 | 172 | 187 | 092 | 51100 | 95800 | 1.26
I\VC-AMP+PAS | 75/25 | 15 | 95 | 92 | 286 | 370 | 0.77 | 82000 | 161400 | 1.57
VAAMP+CLX | 25/75 | 2 | 9L | 60 | 91 | 239 | 0.38 | 55500 | 16200 | 1.58
VB-AMP+CLX | 50/50 | 35 | 90 | 58 | 181 | 231 | 078 | 85400 | - | -
VCAMP+CLX | 75/5 | 3 | 92 | 75 | 275 | 300 | 092 | 124800 | - | -

Where: IVA-AMP+PAS to IVC-AMP+PAS: MI=TMAMA/AMP+TMAMA/PAS; VA—AMP+CLX to

VC-AMP+CLX: MI=TMAMA/AMP+TMAMA/CLX; M2=MMA; conditions: [MI1+M2]y:[EBiB]o:
[CuBr]o:[PMDETA]o= 400:1:1:1; MeOH:TMAMA = 1:1 v/ot, MeOH:THF=3:1 v/v, 40°C; Xm; and X —
conversion of both TMAMA monomers and total conversion. ® in DMSO-ds, ®in water, PEO calibration
(IV-AMP+PAS) and in DMF, PEO calibration (V— AMP+CLX); — means not determined.

In the dual drug polymer systems, there was an increased tendency of the
polymerization degree with the initial TMAMA fraction, DP, / fm1 (%): 122/25 (IVA);
187/50 (IVB); 370/75 (IVC); and 239/25 (VA); 231/50 (VB), 300/75 (VC) as shown in
Table 3. Most copolymers displayed a higher ionic fraction content than predicted based
on the initial ionic monomer content. The fm1(%)/Fmi1(%) were observed as follows: 25/71
(IVA), 50/92 (IVB), 75/77 (IVC), 25/38 (VA), 50/78 (VB), 75/92 (VC). Higher content

of ionic fraction in copolymer suggests that under polar conditions the ionic monomer
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has higher reactivity than MMA, possibly due to its preferential solubility and
compatibility. However, this effect varies between the two series depending on the
presence of the second drug, with PAS favoring a sharper increase at 50% TMAMA,
followed by a slight decrease at 75% in [IVC, which may be attributed to the saturation of
solubility effects. In contrast, CLX leads to a more gradual increase across the range. This
may be due to PAS being more hydrophilic than CLX, which could enhance the solubility
and reactivity of the ionic monomer in the polar environment, promoting its incorporation
into the polymer matrix more efficiently at intermediate concentrations. In contrast, the
relatively lower hydrophilicity of CLX may lead to a more balanced interaction with the
MMA, resulting in a steadier incorporation of ionic monomer across different fractions.
The controlled nature of the polymerization was confirmed by SEC results,
showing low dispersity indices (D = 1.26). Slightly higher dispersity values (D ~1.6) were
observed for copolymers IVC and VA, which had the longest chains (DP, = 370 and 239,
respectively) probably because of short deactivation step and fast propagation. For IVA,
with the shortest chains (DP, = 122), the dispersity increased to 1.78, likely due to the
rapid incorporation of monomers before complete initiation. Additionally, SEC data for
AMP+CLX systems were not obtained for copolymers with an ionic fraction above 60%,
which were not soluble in DMF and water.
DC in dual drug conjugates determined by UV—Vis spectroscopy is shown in Figure
7. In IVA-IVC systems, it ranged for AMP in 71-93%, while for PAS it was significantly
smaller (16-21%). In VA-VC systems, the values for AMP were similarly high, ranging
from 78-87%. However, the DC for CLX in comparison to dual systems containing PAS
was triple higher, ranging from 51-64%. Despite using equimolar amounts of both
TMAMA monomers during polymerization, the resulting copolymers suggest that
TMAMA/AMP displays higher reactivity compared to TMAMA/CLX and
TMAMA/PAS, likely due to specific interactions between the two drugs. The
simultaneous increase in DC was driven by the total polymerization degree and correlated
with the increasing number of TMAMA units with the exception of IVC. This trend was
particularly evident in VA-VC, where there was a clear relationship between the DC of
both drugs, consistently showing that DCcLx < DCamp (VA: 51% CLX vs. 78% AMP,
VB: 62% CLX vs. 83% AMP, VC: 64% CLX vs. 87% AMP). In summary, the highest
DC values for CLX were achieved in VC, which had the longest polymer chain lengths
and the highest ionic content (DP, = 300 and Fmi = 92%), making it the most

advantageous system.
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Figure 7. Summary comparing drug content (DC) for dual drug linear copolymer
conjugates, in relation to the ionic fraction content (Fmi) and polymer chain length (DPy).

The reaction procedures and detailed discussions of the results are reported in the

original publications P.4. and P.5.

3.3. BEHAVIOR OF CHOLINE POLYMERS IN AQUEOUS SOLUTION (P.2.; P.3)

Keywords: CMC, DLS, and WCA characteristics.

The critical micelle concentration (CMC) was used to assess the ability of the
selected linear copolymers (PAS based systems in comparison to chloride ones) to form
self-assembling micellar structures in aqueous solution and confirming their amphiphilic
properties. Interfacial tension (IFT) measurements were carried out using the pendant
drop method on a goniometer for copolymer solutions and determined from the crossover
point on the IFT vs. logC plot (P.2.—Figure 3), representing the concentration at which the
copolymers begin to self-assemble and form micelles. The CMC results (P.2.—Table 2 and
P.3.—Figure 2¢) highlight the influence of ionic content on amphiphilic behavior, which
in chloride based copolymers with an ionic fraction of 18-74% displayed values between
0.04 and 0.13 mg/mL (Figure 8a), whereas PAS based copolymers, with a higher ionic
content (25-93%) exhibited a broader CMC range of 0.03 to 0.18 mg/mL (Figure 8b).
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Figure 8. Dependence of CMC in relation to Fmi for chloride-based copolymers, L1-L5
(a) and PAS based copolymers, IA—PAS to ID-PAS (b).

For both series of linear copolymers, a clear trend was observed where the CMC
value increased as the ionic fraction content increased. The type of anions in the
copolymer matrix also played a significant role, influencing the interactions between
copolymer chains and impacting the overall self-assembly behavior. When comparing
copolymers with similar TMAMA content (~25%), chloride-based copolymers with ionic
content appeared to be more hydrophilic and water-soluble than its PAS analog, which
self-assembled at a lower concentration (L1 vs IA—PAS, 0.05 mg/mL vs. 0.03 mg/mL).
Interestingly, for IC-PAS vs. L3, L4 and IB-PAS vs. L5 (~45% and 74% of ionic content,
respectively) exhibiting relatively short chains under 200 repeating units or extremely
high chain lengths (L4 ~500), the opposite CMC behavior was observed (0.13 vs. ~ 0.07
mg/mL and 0.16 vs. 0.13 mg/mL, respectively). Overall, the copolymers demonstrated
low CMC values, which are advantageous for self-assembly, highlighting their potential

for drug encapsulation in micellar ionic polymer systems.
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The copolymer conjugates with pharmaceutical anions also demonstrated in
aqueous solutions the ability to form homogeneous particles, as displayed by DLS
measurements. The results for the single drug copolymer systems revealed distinct
hydrodynamic diameters (Dh), ranged in 190—277 nm for AMP or CLX based ones, while
[IB-AMP and NIB—CLX displayed significantly larger diameters of 328 nm and 380 nm,
respectively, as shown in Figure 9a. This size increase may be attributed to the
predominant hydrophobic interactions, which encourage the formation of larger

polymeric aggregates.
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Figure 9. DLS characteristics of linear copolymer particles carrying drugs, where Dh
represents the hydrodynamic diameter, and PDI stands for the polydispersity index, a) for
single drug systems and b) for dual drug systems.
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In the dual drug systems, the particle sizes reached 200-235 nm for the AMP/PAS
series and 288-348 nm for the AMP/CLX series, as demonstrated in Figure 9b. These
differences in Dh values between both series can be attributed to the different molecular
structure of PAS and CLX as the accompanying to AMP. PAS, being smaller structure
and likely more hydrophilic than CLX, promotes more compact particle formation and
tighter packing within the polymer matrix, resulting in smaller particle sizes. The
polydispersity index (PDI), which defines the level of heterogeneity of particle size
distribution, indicated uniformity of particle sizes (PDI = 0.006-0.06), as demonstrated
in Figure 9. The histograms showing the distribution of the formed particles exhibited
one fraction (P.5.—Figure 6).

The wettability measurements were conducted using goniometry with the sessile
water drop method on polymer films applied on a glass plate via spin coating to determine
the water contact angle (WCA). It was measured as the parameter for evaluation of
hydrophilicity or hydrophobicity degree in the polymer systems, which may be influenced
by the polymer matrix structure and the nature of the incorporated drug. For chloride-
based copolymers, the WCA values ranged in 53° to 35°, whereas for PAS based

copolymers, the range was slightly lower from 48° to 30°, as shown in Figure 10.
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Figure 10. Dependence of WCA by goniometry using the sessile drop method on films
of TMAMA/Cl-based copolymers L1-5 (a), and TMAMA/PAS based copolymer
conjugates [-PAS (c) in relation to ionic content (Fmi), and their corresponding snapshots
(b,d), The films prepared by spin-coating a 0.3 mg/mL polymer solution onto a glass plate.
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The results for both series of the linear copolymers indicate that an increase in the
ionic fraction content generally leads to a reduction in WCA enhancing the hydrophilicity
of the copolymers, what is beneficial for solubilization of conjugated drugs. The visual
changes in wettability are illustrated in photos for representative polymer samples with
varying anion types and ionic fraction content.

To sum up this part of the work, the studied choline copolymers in aqueous solution
displayed amphiphilic behavior to form homogeneous particles with sizes influenced by
the chemical nature of the counterions and ionic fraction content, which also regulated

hydrophilicity in the polymer surface.

3.4. LINEAR POLYMER CONJUGATES WITH PHARMACEUTICAL ANIONS
AS MATRIXES FOR DRUG ENCAPSULATION (P.2.; P.3)
Keywords: drug encapsulation, biological functions of ISO and PAS derivatives;

efficiency of encapsulation as drug loading content (DLC) by UV—Vis; DC vs DLC;
WCA and DLS data for systems with encapsulated drug.

Due to the amphiphilic properties of linear copolymers and their ability to self-
assemble in aqueous solutions to form stable nanoparticles, these copolymers were used
as a matrix for drug encapsulation, enabling the creation of micellar drug loaded systems
through dialysis method. In this study, the following model drugs, PAS in the form of acid
(PASA) and sodium salt (PASNa), as well as isoniazid (ISO) (Figure 11), were selected
for encapsulation. The copolymers containing chloride anions with encapsulated drug
resulted in a single DDS, the same as the PAS based copolymers with encapsulated PAS
to enhance efficiency of drug loading and antibacterial properties. The latter systems are
especially unique because of encapsulating drug within self-assembled conjugates
carrying pharmaceutical counterions, where drugs are introduced into the polymer matrix
in two ways, that is in via ionic bond vs physical interactions. This approach was also
applied for PAS based copolymer conjugates to encapsulate ISO yielding dual DDS.

ISO is one of the first-line antitubercular drugs used in the treatment of both active
and latent for several years tuberculosis infection [254, 255]. It acts as a prodrug that is
activated by the catalase—peroxidase enzyme KatG, producing radicals and adducts that
block the synthesis of mycolic acids, which are crucial for the mycobacterial cell wall
[256, 257] and interindividual variability in the pharmacokinetic effects [258, 259].
Additionally, ISO works synergistically with other compounds produced by KatG and
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can be employed in combination therapy with another antituberculosis drug, such as the
second-line PAS [260], which may prolong the effectiveness of ISO by slowing its
acetylation process [261]. The biological activity of PAS was discussed in chapter 3.1.
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Figure 11. Chemical structure of the encapsulated drugs.

The efficiency of the encapsulation process during the self-assembly of selected
linear amphiphilic copolymers was evaluated by UV—Vis analysis to determine the drug
loading content (DLC) as the amount of drug incorporated into the polymer self—
assemblies. DC of pharmaceutical anions in the polymer conjugates remained consistent
throughout the micellization and encapsulation processes. The overall DLC varied
depending on the chemical properties of the pharmaceutical substances and differences
in the polymer composition, particularly the type of anions. The micellar systems of PAS—
based polymers (DC = 24-47% of PAS anions), followed by additional encapsulation of
PASNa (DLC = 23-52%) or PASA (DLC = 44-104%) via physical interactions
(Figure 12a), proved strong potential to accommodate higher drug loads. In chloride-
based copolymers (L1-L5, Figure 12b), the sodium salt of PAS may participate in ionic
exchange with the chloride anions in the polymer, resulting in both physical and ionic
drug binding during the encapsulation process. Comparing PAS—and chloride—based
copolymers, the latter demonstrated better encapsulation efficiency, likely due to reduced
steric hindrance of counterions. Furthermore, more hydrophilic PASA than PASNa was
beneficial for load providing higher DLC values. The PAS— and chloride-based
copolymer conjugates were also used for encapsulation of ISO with DLC values ranging
in 28-43% in single DDS (L1-L4) and 30-47% in dual DDS (IA-PAS/ISO to ID-
PAS/ISO), as shown in Figure 12¢. The DLC decreased with increasing TMAMA content,
showing an inverse relationship with the DC of PAS. These findings suggest that a higher
TMAMA fraction with PAS counterions reduced the efficiency of ISO encapsulation.

36



160 100

(2)  wewwm PAS anions in polymer s PASNaloaded P
e PASA loaded —o— FM1 ’ L 20
120 ~ A T4 7’
— . —
& S
= E
= &0 f
2 z
40
0
IA-PAS IB-PAS IC-PAS ID-PAS
120 a0
1 () e PASNa loaded {' T4
100+ o PASA loaded <
] — o= FMI L7 F o
= 80 _ p i 3
] 45 =
! . =
= 60 , 40 £
2 40 4 £
’ L 20
18
20 L
0 -0
L2 L3 L4 L3
100 100
1(e) e PAS anion in polvmer » "3 |
] —o— FM1 4
S ,’ S
— 6{} - B 'ﬁ{} 1
H =]
a0 42 r £
5 40 (B
O ] 26._ L
= J"'
20 - - - 20
| 18 L
38 43
0 0
L1 L2 IA-PAS IB-PAS ID-PAS
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In our studies, PASNa was found to be less hydrophilic than PASA, as indicated by
higher WCA in systems with encapsulated PASNa. Additionally, systems with
encapsulated PASA had higher WCA values than those without drug encapsulation
(Figure 13a). This establishes the following WCA trend: non-encapsulated < PASA-
encapsulated < PASNa—encapsulated, applicable to both PAS— and chloride— based
systems with similar ionic content. Based on this trend, the most notable differences were
observed in the ID systems, with WCA values of 30°, 42°, and 47°, respectively. These
findings indicate diverse molecular arrangements of polymer chains and variations in
surface characteristics. Snapshots of WCA measurements using a goniometer for various

systems are shown in Figure 13b.
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Figure 13. Dependence of WCA in relation to Fm1 for PAS— and Cl-based copolymers
encapsulated with PASA or PASNa in comparison to polymer matrix without
encapsulated drug (a) and the corresponding snapshots (b).

The micellar system of PAS-based copolymer conjugates encapsulating ISO,

representing dual systems containing both PAS and [SO, was analyzed by DLS to measure
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the hydrodynamic diameters (Dh) of the particles in water solution as shown in Figure 14.
The systems formed two prevailing fractions, and the main fraction consisted of larger
superstructures ranging from 236 to 338 nm, while a fraction of the smaller particles
(below 50 nm) was detected in lower amount (~ 20%). They also exhibited a significantly
larger particles with sizes 1500—5000 nm due to micelle aggregation, which was attributed
to the specific m—stacking interactions.
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Figure 14. Particle sizes of PAS-based polymers with encapsulated ISO and
distinguished fractions by DLS.

The DLC values are presented as figures in the thesis, but in the paper, they are
shown in P.2.-Table 2, and P.3.—Table 1. Additionally, WCA values are presented as
figures in the thesis and provided in P.2.—Table 2, and with further illustrations in P.2—
Figure 6. Furthermore, a schematic illustration of the Dh of polymer nanoparticles

encapsulated with ISO for fractions exceeding 30% is shown in P.3— Figure 5a.

3.5. IN-VITRO DRUG RELEASE STUDIES ON CHOLINE POLYMER
SYSTEMS (P.1.; P.2.; P.3.; P.4.; P.5)

Keywords: mechanism release of pharmaceutical anions and encapsulated drug; drug
release profiles for single and dual systems; final amount of released drug.

In vitro drug release studies were conducted using a dialysis membrane bag under
physiological conditions in phosphate-buffered saline (PBS), designed to simulate human

body fluids at pH 7.4 and 37°C. The drug release profiles, which display its percentage
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over time, were monitored by UV—Vis spectroscopy for 72 hours. The release process
was dependent on drug nature and type of its connection with polymer matrix. For
pharmaceutical anions, release occurs through the ion exchange with phosphate anions in
PBS, while the encapsulated drugs are released via diffusion from polymer micelles. They
can offer advantages in variety of drug release rates, potentially enhancing the therapeutic
effect via sequential or parallel drug co-release.

For the single PAS systems displayed notably fast release (P.1.— Figure 8),
particularly for samples IB-PAS and IE-PAS (80% of released drug within the first hour).
These polymers were characterized with relatively short chains and slightly dominated
ionic fraction (~200 units, 60-74%), what probably generated the chain rigidity and
enhanced repulsion effect, making the anions more available for release by exposing the
ionic groups to the environment. Slightly different profiles were observed for systems
IA—-PAS and IC-PAS, where 100-80% of PAS was released after 4 hours, and in case of
IA—PAS was extended to 24 hours to reach 100%. Among the series I, the IC—PAS system
with the shortest chains and almost equimolar content TMAMA/MMA, demonstrated the
most controlled and sustained release profile, making it particularly suitable for delivery.
The ultimate ARD values are presented in Figure 15a.

Similarly, the kinetic profiles revealed a remarkably rapid release for series of the
single AMP systems (P.4.— Figure 6a). Particularly for copolymer IIC-AMP featured the
longest polymer chain and high AMP loading capacity in the polymer conjugates (363
units, 76%), where over 80% of AMP was released within the first hour, to achieve finally
complete release (100%) after four hours. The other systems, [IA-AMP and [IB-AMP
exhibited an initial burst release (~70% within four hours), followed by a more gradual
release extending over 26 hours. The final values of ARD are shown in Figure 15a.

Additionally, the single CLX-based polymer conjugate systems (IIIA—CLX to
[IIC-CLX), the release profiles showed an initial release of 34—41% within the first 0.5—
1 hour, which increased to 58—72% by four hours and continued steadily over 74 hours
with an additional 4-6% (P.5.—Figure 8a). The increase in amount of released drug
(ARD), as demonstrated in Figure 15a, corresponded well with the degree of
polymerization and drug content as follows: DP,/ DC/ ARD of 160/ 67/ 58 (IIIA—CLX),
241/ 73/ 66 (IIIB—CLX), and 299/ 80/ 76 (IIIC—CLX). Combining high drug content and
controlled release, copolymer IIIC-CLX emerged as the most promising candidate for

extended therapeutic applications.
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Figure 15. Amount of released drug in the conjugate systems: single (a) vs. dual (b), and
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encapsulated ISO (d) after 72 hours in PBS at 37°C.
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In the dual AMP/PAS co—delivery systems, AMP exhibited a slower initial release
(30-50% within three hours), which was in contrast to rapid initial burst of PAS (70-80%
in the same period) as shown in Figure 16a. The release process continued until full
release of both drugs (AMP within 70 hours and PAS after 74 hours, P.4.—Figure 6) was
achieved with system IVB, which was characterized by the highest ionic content. The
longest polymer chains in system IVC provided a faster and complete release of AMP
(AMP within 50 hours and PAS after 74 hours). Overall, system IVB showed particularly
promising potential for sustained drug delivery and co—delivery, given its drug content
and release amounts, as well as effective release rate. The final values of ARD are shown

in Figure 15b.
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Figure 16. Representative kinetics profiles of released drugs, AMP and PAS (anion vs.
anion) (a), and PAS and ISO (anion vs. encapsulated drug) (c) in dual drug systems.
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In the dual AMP/CLX co-delivery systems, a significant burst release occurred
within the first hour, with 64-80% of CLX (P.5.—Figure 8b) and 90-98% of AMP (P.5.—
Figure 8c). Complete release of both drugs was achieved in system VA within four hours,
while systems VB and VC exhibited slightly slower release rates, reaching 91-92% of
CLX and 99-97% of AMP respectively. The results for dual drug series compared to
single CLX series suggest that interactions between CLX and AMP enhanced the co—
release of CLX in the system (Figure 15b).

In the micellar systems of PAS— and Cl-based copolymers with encapsulated
PASNa, an initial burst of drug release occurred within the first hour, followed by a more
gradual release over the next 12 hours. The PAS—based copolymers showed higher release
amounts of PASNa with 80-100% (P.2.—Figure 8a) than Cl-based copolymers with 40—
100% (P.2.—Figure 8c). For the systems encapsulating PASA, the drug release was even
faster, achieving within 30 minutes full release for PAS-based copolymers (P.2.—Figure
8b) and 88—100% within 45 minutes for Cl-based copolymers (P.2.—Figure 8d), which
shows minimal impact of the polymer composition on the drug release kinetics. The total
ARD is demonstrated in Figure 15c.

In micellar systems of PAS— and CI- based copolymers with encapsulated ISO,
an initial burst release occurred within the first hour, as shown in (P.3.—Figure 6a and d).
For the single systems, L1/ISO to L4/ISO, which are based on Cl copolymers, the release
ranged from 15-29% during the first hour (P.3.—Figure 6a). In the dual PAS/ISO systems,
the differences in drug co-release were lighter, but the release of PAS was approximately
twice that of ISO, with 31-54% of PAS and 18-30% of ISO within first hour, as shown
in Figure 16b. The final ARD values indicate that ISO was released in higher quantities
from the single systems, ranging from 43-98% compared to the dual systems, which
release 31-49% of the drug, as shown in Figure 15d. Additionally, in the dual systems,
the ARD of ISO was similar to that of PAS (48-50%), except for IA—PAS/ISO, where a
notable difference was observed, with 31% of ISO and 79% of PAS being released.

The comparison of single and dual drug systems, both in conjugate and micellar
forms, highlights significant differences in release behavior. All systems typically show
an initial burst followed by sustained release. Dual drug systems exhibited more complex
interactions, as observed in the AMP/PAS and AMP/CLX conjugate systems. Micellar
systems demonstrated rapid initial release, particularly for PAS—based copolymers. These

findings confirm that the drug release rate is influenced by several factors, including
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polymer structure, interactions between the bioactive anion and the polymer matrix, and
drug—drug interactions.

A detailed discussion of the drug release experiments can be found in publications
P.1-P.5. In vitro drug release profiles are presented for polymer conjugates as the single
drug delivery systems (P.1.—Figure 8; P.4.—Figure 6a; and P.5.—Figure 8a), and dual drug
systems (AMP and PAS in P.4.—Figures 6b and 6¢; AMP and CLX in P.5.—Figures 8b
and 8c) as well as for encapsulated drug systems (P.2.—Figure 8; P.3, Figure 6a).

5. SUMMARY AND CONCLUSIONS

The achievement within doctoral thesis is focused on the design of well-defined
linear choline-based copolymer conjugates varying ionic contents, which were evaluated
as potential carriers in single and dual DDS. Their particles in aqueous solution exhibited
sizes ranging in 190-380 nm for single DDS and from 200-348 nm for dual DDS.

These polymers were synthesized via controlled radical polymerization of
functionalized trimethylammonium monomers containing pharmaceutical counterions.
Fo this purpose, the commercial TMAMA was modified by pharmaceutical anions with
antibacterial activity, such as PAS, AMP, and CLX, through ion exchange reactions. In
the single DDS, the TMAMA contents, that is 25-93 mol% in PAS series, 61-76 mol%
in AMP series, and 54-93 mol% in CLX series, which was related to drug content. For
the dual DDS, drugs were introduced by MILs functionalized with different anions,
resulting in incorporation of TMAMA units in 38-92 mol% and 71-92 mol% for
AMP/CLX series and AMP/PAS series, respectively.

As indicated in the studies, the polymer chain length, the ionic fraction content in
copolymer, and the nature of pharmaceutical anion were important factors, which
influenced drug content and release. The polymer matrix containing PAS (24-47%) was
sufficient to achieve efficient in vitro release of PAS (>80%) within 4 hours, whereas the
dual drug systems of PAS/AMP (16-21%/71-93%) accomplished release in 82—-100%
for PAS and 61-100% for AMP within 72 hours. Similarly, the dual drug systems of
AMP/CLX (78-87%/51-64%) were efficient in release of 97-100% of AMP and 91—
100% of CLX within 72 hours. Their single drug systems behaved slightly different
yielding release of 70-100% for AMP with the drug content of 61-76% within 26 hours
and CLX with release of 58-76% and drug content of 67—-80% within 72 hours. These
findings demonstrate the efficacy of linear polymer conjugates in designing DDS with

customizable release profiles, facilitating efficient drug delivery.
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The copolymers demonstrated amphiphilic properties, forming micellar systems
through self-assembly in aqueous solutions. A critical parameter for these systems was
the hydrophobic fraction, which significantly influenced CMC and particle sizes. The
selected series of copolymers, that is chloride series and PAS series, followed a trend
where the CMC increased with an increase in the ionic fraction content (0.04—0.13 mg/mL
vs 0.03-0.18 mg/mL). The anion type in water-soluble polymers impacted polymer chain
interactions showing variable hydrophilicity. These findings were further confirmed by
WCA measurements, which defined the degree of hydrophilicity of the surface.
Additionally, the hydrodynamic diameters of polymer particles depended on the polymer
chain length. Generally, the hydrophobic-hydrophilic balance, drug loading, and particle-
forming capability were shown to be tunable by the copolymer structure and the
characteristics of the drug, including the encapsulated drug and the combined drugs.

The amphiphilic nature of both chloride— and PAS-based copolymers enabled
successful encapsulation of PAS drug, such as PASA (73-100% and 44-104%,
respectively) and PASNa (43-96% and 23-52%, respectively). These findings suggest
that all systems achieve high drug content suitable for PAS delivery, especially those with
encapsulated PASA, where low PAS content in PAS—based polymers was efficiently
completed, and chloride—based polymers at higher ionic content, yielding them the most
successful systems. The majority of polymer systems achieved complete PAS release
within 0.5-1 hour, but PAS-based copolymers demonstrated greater release efficiency
than chloride-based systems. The same polymers were also encapsulated with I1ISO (28—
47%) yielding both single and dual DDS, which exhibited an initial burst release within
the first hour, but notably, its greater quantity was released from the single systems than
the dual systems (43-98% and 31-49%, respectively). Overall, these polymer systems
seem to be good candidates to effectively encapsulate and release the selected drugs.

In conclusion, the studied linear choline-based polymer conjugates with units of
trimethylammonium-containing pharmaceutical anions and their micellar systems,
demonstrated sufficient content of anionic drugs and strong drug encapsulation
capabilities, what proved their effectiveness in developing both single and dual drug
delivery systems. These systems hold significant promises for antibacterial drugs and
antibiotic treatments, offering the potential for combined therapy through simultaneous

drug co-delivery and enhanced therapeutic efficacy.
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