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Summary

One hundred vyears after the discovery of antimicrobials and antibiotics, intracellular bacterial
pathogens remain a major cause of global morbidity and mortality. This is due to the complex and
intricate ability of these pathogens to undergo intracellular replication while evading host cell
immune defense. Bacterial agents such as Legionella pneumophila, Francisella tularensis, and
Mycobacterium tuberculosis, as the causative agents of Legionnaires' disease, pulmonary tularemia,
and tuberculosis (TB), respectively, contribute to this burden. Moreover, these agents are
weaponizable pathogens due to their aerosolizability.

TB represents a global health problem, although a potentially curative therapy has been available for
approximately 50 years; this intracellular disease affects approximately 1in 3 people worldwide, with
over 10 million new cases per year and one death every three minutes. TB can usually be treated with
a 6- to 9-month course of combined therapy. The necessity of using a cocktail of anti-TB drugs and
the long-term treatment schedules required for conventional therapy, however, result in poor patient
compliance; therefore, the risk of treatment failure and relapses is higher. Hence, improved drug
delivery strategies for the existing drugs can be exploited to shorten the duration of TB treatment and
avoid the selection of drug-resistant mutants.

In this context, nanoparticle (NP) technology has emerged as one of the most promising approaches
for overcoming the above-listed shortcomings associated with intracellular infection therapies,
because of the unique physicochemical properties of NPs. Fabrication of nanocarriers for drug
delivery into the lungs, the primary site of TB infection, offers an elegant approach for therapy.
Nanobead-based structures follow the route of particulate matter, including intracellular pathogens,
and they are preferentially taken up by phagocytes, which further enhances their intracellular
targeting. Similarly, the development of effective and safe nanobead-based interventions can be
particularly relevant to increasing antibacterial concentrations within the infected site and reducing
doses in the systemic circulation, thereby avoiding off-target toxic effects.

Thus, this work utilizes graft and block amphiphilic copolymers to explore self-assembled drug
delivery systems for the treatment of intracellular infections. The aim of this thesis was to develop and
comprehensively analyze both graft and block copolymer-based assemblies capable of targeting
macrophages; nanoarchitecture studies, cytotoxicity analyses and biological system interactions were
the main pillars.

By way of a comprehensive analysis based on several complementary instrumental techniques, it was
demonstrated that the graft and block polymeric matrices were capable of self-association while
providing interesting colloidal behavior, passive macrophage targeting, and low cytotoxicity.
Rifampicin-loaded NPs were found to be well tolerated in zebrafish and mice while providing
improved anti-TB efficiency. We show that these results are due to improved pharmacokinetic and
pharmacodynamic parameters.



Souhrn

Navzdory dostupnosti antibakteridIni chemoterapeutické a antibiotické Iécby po vice nez sto let
predstavuji bakteridIni infekce zpUsobené vnitrobunécnymi parazity hlavni pficinu globalni morbidity
amortality. Je tomu zejména diky schopnosti téchto bakteridlnich patogend unikat dosahu
imunitnfho systému a mnoZit se uvnitf hostitelskych bunék (napf. makrofagt). Typickymi zastupci
vnitrobunécnych patogenl jsou Legionella pneumophila, Francisella tularensis a Mycobacterium
tuberculosis, pavodci legioneldzy, tularémie a tuberkuldzy. Diky tomu, Ze jsou kultury zmifiovanych
patogenl snadno aerosolizovatelné, navic mohou pfedstavovat riziko spadajici do kontextu
bioterorismu.

Tuberkuldzu Ize mezi fatélnimi infekcemi fadit celosvétové na druhé misto hned za HIV, prestoze
funkeni 1écba ¢i ockovani je kdispozici jiz pres pll stoleti. Konvencni Iécba, zaloZzend na
nékolikameési¢nim podavani koktejlu antibiotik, je velice obtizna, jelikoZ vnitrobunécné ukryté
mykobakterie unikaji dosahu obrannych mechanism0 hostitelskych  bunék. To spolu
s nespolupracujicimi pacienty muaze vést k selekci rezistentnich kmen.

Jednim zmozZnych pfistupl je vyuZiti nanocastic, které predstavuji nastroj cileni antibiotik do
hostitelskych bunék a tim podstatné zefektivnéni terapie. Makrofagy, bunky imunitniho systému, jsou
totiz ze své podstaty vysoce aktivni z hlediska rozpoznavani potencialné patogennich struktur, jako
jsou pravé bakterie. Benefitem tohoto fenoménu je tak schopnost pohlcovat i umélé a vysoce
definované nanostruktury nesouci Uc¢innou latku.

Cilem této prace proto bylo vyuzit amfifilni roubované a blokové kopolymery av kontextu lécby
vnitrobunécnych infekci analyzovat fenomén jejich samousporadani do nanostruktur s akcentem na
detailni analyzu fyzikdlné-chemickych vlastnosti, nanoarchitektury, cytotoxicity a interakci
s biologickymi systémy in vitro a in vivo.

Predklddand dizerta¢ni prace demonstruje, ze studované amfifiini kopolymery vedou ve vodném
prostiedi k tvorbé samouspofadanych architektur, pficemz jejich komplexnost a charakter koreluje
svlastnostmi  pouZitych polymernich  matric. Instrumentalné rozsahld analyza struktury
a biorelevantnich vlastnosti prokdzala, Ze diskutované nanoarchitektury jsou pasivné zacileny do
makrofagl, za soucasné nizké cytotoxicity. Antibakteridlni Gc¢innost systému zalozeného na
enkapsulovaném rifampicinu, testovana in vitro a in vivo, byla v porovnani s volnym léc¢ivem vyrazné
zvysend, coz potvrdilo i detailni studium farmakokinetiky rifampicinu na mysim modelu.
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SPECIFIC AIMS AND PREFACE

Research Motivation and Scientific Rationale

The basis for my research originally stemmed from my three passions/research interests of analytical
chemistry, nanoscience and infection biology.

Infectious diseases continue to represent a global health problem. Geographically, they spread much
faster now than at any time in history, as reported by the World Health Organization (WHO). Similarly,
the spread of drug-resistant infections highlights the global vulnerability and interrelatedness of
health systems and the challenges of health equity. Thus, improvements in rapid diagnostics and
novel strategies for the treatment of infectious diseases are urgently required and remain necessary
to prevent their global spread, allow economic development, and increase the equity of health.

Tuberculosis (TB) remains the leading cause of preventable death in the world, although a potentially
curative therapy has been available for approximately 50 years. This is because the host-pathogen
relationship is highly adapted. Moreover, emerging resistance and inadequate medical care in most
of the world have resulted in widespread disease. TB kills 1.5 million people per year; it is reported that
one-third of the world's population is latently infected.

The standard therapy regimen is based on an intensive phase of 2 months of treatment with first-line
anti-TB drugs, followed by a 4-month continuation phase. This anti-TB therapy, however, faces
challenges because of the pathogenesis of this kind of intracellular bacteria: they are able to hide,
reside, and proliferate within the host cells. Moreover, systemic administration of anti-TB drugs leads
to dissemination and off-target toxicities. Hence, there is an unmet need for new strategies addressing
these shortcomings.

Nanoparticle (NP) technology has emerged as one of the most promising approaches for overcoming
the above-listed complications associated with intracellular infections due to the interesting
properties of NPs. Utilizing nanobead-based interventions for drug delivery into the lungs, the primary
site of TB and other pulmonary infections, has been suggested as an elegant approach. Each novel
drug delivery system and nanobead-based intervention, however, requires robust structure
characterization and behavior analysis with an emphasis on biological systems, as all the NP properties
govern the in vitro and in vivo efficiency. This kind of testing and characterization includes a broad
range of analytical approaches, which brings us to the relation to analytical chemistry.

Analytical chemistry obtains, processes and communicates information about the composition and
structure of matter. In other words, it determines what matter is and how much of it exists. The recent
pillar questions of analytical chemistry, however, transcend to other characteristics; they deal with
questions of where matter is, when matter is, and in which form matter exists. These are the parameters
researchers dealing with drug delivery systems and nanobead-based interventions need to consider.
Altogether, answers to the abovementioned pillar questions precede processes that can be called
biorelevant analysis, i.e., one of the essential aspects of this work.

Specific Aims

Given the background described above, this doctoral thesis is motivated by the goal of developing,
engineering, and analyzing functional nanobead-based systems capable of passively targeting
eukaryotic cells to promote intracellular delivery and ultimately combat intracellular pathogens, with
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an emphasis on Mycobacterium tuberculosis as an infection model. In more detail, this work is aimed
at the following points:

e  The study of amphiphilic graft and block copolymers’ self-association behavior.

e The using of advanced instrumental methods for the nanostructure and biorelevant properties
study.

e Analysis of cytotoxicity and interaction with biological systems.

e The identification and quantification of differences in toxicity, uptake and fate of a nanobead-
based intervention.

e Analysis, using several instrumental tools, of the behavior of a selected NP-encapsulated drug
and its free form both in vitro and in vivo.

e The combination of several different approaches/methods ranging from analytical tools and
bioanalytical assays to histopathological examinations to critically discuss the chosen
nanoformulation properties.
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Content Endnote

This thesis presents commented research performed over the past 4 years. The first section of the
thesis is dedicated to a brief and outlined theoretical background related to infectious diseases and
nanobead-based interventions. Note that the multidisciplinary character of the thesis limits the scope
of the theoretical part to the main aspects related to the merging field of antibacterial nanomedicines
only rather than an exhaustive review. Subsequent sections of the thesis represent a commented
overview of the main results obtained according to the specific aims of this work (see above). The
materials and methods are described/discussed in detail within each of the publications discussed
and attached. The thesis itself, thus, does not contain such content.

My own results-related references used within this work are distinguished from the others using the
letter P; for example, [P5]. All these papers are attached at the end of this work and are listed in the
order in which they are discussed below. Common references and bibliography follow a standard
style, for example'.

In this thesis, dozens of abbreviations are used. For a better orientation, note that an abbreviation
written in bold represents a specific formulation/sample characterized, analyzed and/or administered
(e.9., The NPs have been injected at a dose of 10 mg/kg.). In contrast, abbreviations written as a regular
text represent abbreviated text in general, for example, nanoparticles (NPs).
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CHAPER 1: THEORETICAL PART

1.1 Intracellular Infections
1.1.1 Bacteria Actively Invade Host Cells

One of the essential aims of living systems is to colonize all the environment available. To date, more
than 200 prokaryotic bacteria have been reported to be able to infect human hosts and cause disease.
For example, some bacterial pathogens colonize the gastrointestinal (e.g., enteropathogenic and
enterotoxigenic Escherichia coli) or urogenital (e.g., Neisseria gonorrhoeae) tract, skin, or oral mucosa
(Streptococcus spp.). Some pathogens actively enter host cells, resist the intracellular environment
(e.g., cytosol and phagosome) and replicate (e.g., Legionella pneumophila). Given this background,
pathogenic bacteria can be categorized into extracellular, facultative intracellular, and obligate
intracellular pathogens' 2. The bacterial entrance to the host cells is determined by complex molecular
and cell phenomena whose description, however, exceeds the framework of this thesis. Intracellular
bacteria thrive inside professional phagocytes and are one of the most efficient cell types of first-line
antimicrobial defense, macrophages and dendritic cells. Alternatively, neutrophils, fibroblasts, or
epithelial cells serve as an important habitat for intracellular pathogens®.

Intracellular bacteria-caused diseases (e.g., tuberculosis, legionellosis, and tularemia) are hard to treat.
Several bacterial strains are able to produce a “silent” intracellular infection and, thus, escape from the
host cells’ bactericidal mechanisms. These infected cells are not only unable to kill the intracellular
milieu-presenting pathogen but also may act as niches and allow the spread of the infection to other
cells. Similarly, their intracellular location allows for protection of such invading bacteria; they are
protected from the immune system as well as from conventional treatment®. This is due to the
inability of conventional antibacterial agents to penetrate the cell membrane. Hence, these infections
represent a major cause of global morbidity and mortality.

The bacterial intracellular pathogen M. tuberculosis, the etiologic agent of tuberculosis, is the selected
infection model for this thesis.

1.1.2 Tuberculosis

Tuberculosis is an infectious disease caused by M. tuberculosis, a slender, nonmotile and acid-fast
bacillus. Mycobacteria possess a waxy coating on the surface of their cell wall that is composed mainly
of mycolic acids. Therefore, M. tuberculosis is resistant to dehydration, has low permeability to
hydrophobic antibiotics and has a high survivability®.

TB is primarily transmitted via the inhalation route, and the main site of infection is the lungs (Fig.
1.1). Innate cell-mediated immunity and alveolar macrophages that interact with the invading
pathogen represent the first line of cellular defense. Macrophages are unable to kill the deposited
mycobacteria, which continue to replicate until overgrowing and disseminating from ruptured host
cells, after which an adaptive immune response occurs. Dendritic cells (DCs) can also play a crucial
role in host defense by presenting antigens and activating both T and B cells®. Subsequently,
granulomas are formed. In most cases, this promotes nonsterile control of the pathogen. The majority
of infected individuals will remain in a stable asymptomatic stage called latent TB, while in hosts with
efficient cell-mediated immunity, the infection may be eradicated permanently. Subsequently, healed
granulomas leave small calcified lesions. Progressive TB will eventually occur in a small percentage of
infected individuals. In this case, the hallmark of reactivation is the failure of the host immune
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response. As depicted in Fig. 1.1, the exacerbation of necrotic cell death then leads to extensive
caseous lesions; rupture of the granulomas into the airways occurs. Given this, people who have an
active TB infection can then generate infectious aerosols by coughing”®.

0 Mycobacteria host-to-host transmission

N ————_—‘__——* l:'ul
Iy, o
@ TB reactivation M. tuberculosis
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9 Initial infection
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Calcified granulorma
fo= o @ ctradication?
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Figure 1.1 TB pathogenesis. Infection is transmitted by inhalation of expelled bacteria (A). The defense
mechanisms involve an innate immune response (B) and an adaptive immune response (C) based on the
recruitment of T-cells, B-cells and other leukocytes. Granulomas are formed due to this immune response;
nonsterile control of mycobacteria (E) is promoted in most cases. The majority of patients will remain in latent
tuberculosis. TB may be eradicated permanently in patients with efficient cell-mediated immunity (F). Active TB
will eventually occur in 5-15% of previously infected hosts (G). Adapted from reference®.

TB treatment is very complicated and must be carried out using a cocktail of antibiotics. Usually, the
preferred regimen consists of an intensive phase of first-line anti-TB drugs (isoniazid, rifampicin,
pyrazinamide and ethambutol) followed by a 4-month continuation phase of isoniazid and rifampicin.
Note that although potentially curative interventions have been available for approximately 50 years,
TB remains the leading cause of preventable death in the world™ ™.

The main causes of failure and relapses in conventional therapies and TB eradication are the high
resistance of mycobacteria, the inability to detect all stages of TB, inadequate medical care in most of
the world, and poor patient compliance'*™. Finally, two additional complications of the therapy are
the selection of M. tuberculosis strains that possess multidrug resistance (MDR, defined as resistance
to both rifampicin and isoniazid) and extensive drug resistance (XDR, defined as resistance to at least
one second-line injectable drug and any fluoroguinolone drug) and the increase in the number of TB-
affected patients who are coinfected with HIV."



Given these factors, improved strategies are needed to shorten the TB treatment duration and avoid
selection of drug-resistant mutants. The three main strategies that are worth attention lie in the
development of novel drugs', vaccination improvement'®, and drug delivery systems based on
nanomedicines''.

1.2 Introducing Polymeric Nanobeads

A drug can be delivered into an infected cell by several different kinds of submicron vehicles. These
include lipid systems such as liposomes'’, inorganic NPs such as gold and iron oxide NPs'8, carbon
nanotubes'?, silica nanobeads?, etc. The scope of this work is, however, limited to polymeric NPs only,
as polymers are the most common materials for constructing NP-based carriers?'.

In this context, amphiphilic polymer NPs are known as emerging devices allowing solubilization,
stabilization, and delivery of various chemotherapeutics. The functional properties of amphiphilic
polymer NPs render them ideal and unique. The amphiphilic NP matrix of amphiphilic copolymers
consists of at least two regions possessing distinct chemical natures. This structure results in phase
separation into supramolecular architectures, often having diameters in the nanometer range, as a
result of chain association, a phenomenon known as self-assembly. During this process, the
hydrophobic regions assemble to form the core region. The hydrophilic regions, in contrast, form the
layer between the core and the external aqueous environment, colloidally stabilize the NPs in an
aqueous milieu and often extend the blood-circulation time while reducing uptake by phagocytes,
phenomena known as stealth properties (see below). Both the hydrophilic and hydrophobic regions
are capable of entrapping and delivering a wide range of both polar and nonpolar drugs® .
Amphiphilic copolymers can be of alternating, block®, random?, graft”, star®®, or brush® type
architectures (Fig. 1.2). The simplest structure is the random copolymer. The use of random
copolymers is, however, complicated due to the low reproducibility of such systems. Thus, block and
graft copolymers, for example, generate more significant interest?.

Alternating copolymer Block copclymer

A

Random copolymer

A
5> 0OYaAavV OO (C

Brush copolymer

Figure 1.2 Different forms of copolymers

There are a variety of both hydrophobic and hydrophilic monomers used in the fabrication of
amphiphilic copolymers, with some of the common examples listed in Table 1.1. Hydrophilic
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polymers, as suggested above, stabilize the hydrophobic region of NPs by way of hydrophilic-
hydrophobic balance control; some common examples are poly(ethylene oxide) (PEO), poly(2-methyl
oxazoline) (PMOX), and poly[N-(2-hydroxypropyl)methacrylamide] (PHPMA). Similarly, water-soluble
polysaccharides—natural carbohydrate derivatives containing chains of mono-saccharide subunits—
have been widely used by humans, as they are considered to be superior to other polymers due to
their ease in tailoring, biocompatibility, and bioactivity®.

Importantly, due to changing the NP surface energy, hydrophilic polymers can exhibit a “stealth”
property. As mentioned below, one of the significant obstacles to the long-term circulation of drug
delivery interventions is clearance by the mononuclear phagocyte system (MPS)*' (see below).

Table 1.1 Representation of some of the common hydrophilic and hydrophobic polymers

Hydrophilic Hydrophobic
Poly(ethylene oxide) Poly(e-caprolactone) o
PEO H»{’O\/ﬂmH PCL /{'OV\/\)LI\
Poly(2-methyl oxazoline) Poly(y-glutamic acid)
PMOX \() PGA *HI\J*
/{’N\/\]:OH g OH
Poly(vinyl alcohol) Poly(D,L-lactic acid)
PVA PLA
AN Ho{J\ﬁ}\
OH o "
Poly[N-(2-hydroxypropyl)methacrylamide] Poly(D,L-lactic-co-glycolic acid)
PHPMA Ho PLGA Q
CHy
OTI_ 0
Poly(ethylene imine) Poly(methyl methacrylate)

PE| S e PMMA .
’) -
CHy
0

H
HzN/{/\/N\/\ N/\/N\/j:NHz In—i—

N
HZN/\/ \/\NHz

A typical example of a hydrophobic polymer is poly(methyl methacrylate) (PMMA), which is one of
the most widely explored biomedical materials due to its biocompatibility®’; biocompatibility is a
property by which a material does not produce a toxic or immunological response in a biological
environment. PMMA is, however, nonbiodegradable. Biodegradable polymers are more useful for
biomedicine. For example, enzymatically and hydrolytically degradable poly(D,L-lactic acid) (PLA),
poly(D,L-lactic-co-glycolic acid) (PLGA), and poly(e-caprolactone) (PCL) are widely used for the
fabrication of biocompatible and fully or partially degradable carriers®.



1.2.1 There Are a Variety of Polymeric NP Preparation Methods

Once the amphiphilic copolymer has been synthesized, it can then be assembled into
a supramolecular drug delivery system using a number of different techniques®. A typical approach
based on emulsification includes two steps—preparation of an emulsified system and subsequent
NP formation. Most of these preparation methods are based on mechanical processes homogenizing
two immiscible phases in the presence of a surface-active agent®. A typical example is PLGA NPs;
PLGA is dissolved in a water-immiscible or partially water-miscible solvent (e.g., dichloromethane,
chloroform, and ethyl acetate) and added to an aqueous surfactant solution (e.g., PVA). Subsequently,
exposure to a high-energy source, such as an ultrasonic device, and solvent evaporation are carried
out™.

A second typical approach does not require the preparation of an emulsion. One of the easiest
preparation methods, called the solvent displacement method, is based on the nanoprecipitation of
a polymer. Three basic components—the polymer, the polymer solvent, and the polymer
nonsolvent—are typically used. To produce the assemblies, the polymer solution (e.g., in acetone) is
added to an aqueous medium. The organic solvent is then displaced, for example, by evaporation.
Because of the self-assembly behavior of macromolecules, this results in spontaneous formation of
NPs. Note that a significant part of the polymeric systems prepared via nanoprecipitation is based on
block copolymers, as these polymers exhibit amphiphilic character®. Nanoprecipitation can, however,
also be used in the case of nonamphiphilic, purely hydrophobic polymers such as PLA and PCL; in
such cases, the presence of detergent in the aqueous phase is often required. In addition to the two
techniques outlined above, there are a variety of other methods, including salting out, dialysis, and
spray drying™.

An active cargo can be embedded in the particle matrix either by covalent bonding or by drug
entrapment™. In the first case, the synthesis of polymeric conjugates with a drug is required. These
drug conjugates are then used for NP fabrication, as suggested above. Note that the covalent
approach generally requires chemical modification that can affect the efficiency. Moreover, this
approach leads to a new molecule, making the potential clinical approval process more complicated.
The second approach has the ability to employ active drugs — a hydrophobic drug can be embedded
within the excipient-like NP matrix because hydrophobic drugs have an affinity for the hydrophobic
core of a nanobead*®.

1.3 Brief Overview into Characterization and Biorelevant Analysis

To achieve the suggested advantages offered by nanomedicines and test them in vivo or within
clinical studies, challenges such as developing nontoxic systems, achieving and improving
biocompatibility, realizing effective drug loading, attaining efficient targeting, and achieving transport
and release ability must be considered®. Thus, once a nanobead-based formulation is prepared, there
is a need for robust and detailed study of all the relevant properties. Physicochemical
characterization® is aimed at the study of properties such as nanobead size, size distribution, charge,
and morphology. As evident from the attached publications, two of the key techniques are light
scattering methods: dynamic light scattering (DLS) and static light scattering (SLS)*'. No less important
is the study of the interaction with biological systems in vitro. A comprehensive theoretical description
of all the relevant methods is not, however, possible. Thus, let the attached publications be an
example of experimental methods and emphasize this emerging area of biorelevant analysis of
nanomedicines. Below, some chosen methods are described in more detail.



1.3.1 Dynamic Light Scattering

To study nanobead size and size distribution, DLS is an elegant tool. This nondestructive method, also
known as quasi-elastic light scattering (QELS), is based on the measurement of scattered light
intensity fluctuations. In a DLS experiment (Fig. 1.3A), a single-frequency laser is directed onto the
inspected sample. The incident laser light is scattered in all directions when particles are present in
the sample. At a certain angle, the scattered light intensity is detected over time. Brownian motion of
the particles causes a Doppler shift in the frequency of the incident light; this change in light
frequency cannot, however, be detected spectroscopically. One can observe the light intensity
fluctuations caused by Brownian motion of the particles that are present. Logically, smaller entities,
which move faster, undergo faster fluctuations than larger entities*. Thus, the particle mobility can
be analyzed using the intensity autocorrelation function g(), which, for a monodisperse system, is
given by:

gOH=1+p(e 2, (M

where fis an instrumental constant and I is the relaxation frequency, defined by the relaxation time
7and the diffusion coefficient D of the particle:

1
[=—=Dgq?, 2
—=Dg (2)

where g is the absolute value of the scattering vector that is defined using the wavelength A, the
refractive index of the solvent n and the scattering angle 6
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Using the diffusion coefficient, the particle size can be calculated by the Stokes-Einstein equation as
the hydrodynamic diameter D ;.
kT
ZBHnDH '
where kg is the Boltzmann constant, Tis the absolute temperature, and n is the dynamic viscosity of
the solvent.

(4)

1.3.2 Static Light Scattering

Another scattering method for the study of nanobead size is SLS (the instrumental scheme is depicted
in Fig. 1.3A). This method evaluates the scattered light intensity as a function of the scattered light
detector angle. Average intensity values over certain time periods are considered®. The classical
theory, which considers the wavelength A to be significantly higher than the particle radius r, was
formulated by Rayleigh. Given the practical aspects of an SLS experiment, the Zimm equation should
be stressed:

Kc 1 [
iy (1+§RG q )+2A2c, (5)

where Krefers to the optical constant, R is the Rayleigh ratio, ¢ is the concentration, p/\™ is the particle
molecular weight, R is the radius of gyration, g is the scattering vector (see Eq. 3),and A; is the second
virial coefficient. The constant K can be described by the following formula:
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where ngq is the refractive index of the scattering standard (usually toluene), N, is the Avogadro
constant, and dn/dc is the refractive index increment.

, 6)

When the Zimm diagram is constructed (Fig. 1.3B), zero angle and zero concentration extrapolations
are obtained; the reciprocal molecular weight can be expressed as the inverse vertical axis intercept.
Additionally, using the zero angle and zero concentration extrapolation slopes, both A, and R can
be expressed. Note that A, reflects the energy of interactions between the solvent and the particles:
when A, > 0, the solvent is “good”, and the particulate formulation tends to be stable; when A, <0,
the solventis "poor", and the particulate formulation tends to form aggregates. When A, equals O, the
solvent can be described as a theta solvent.

In contrast to DLS, which is sensitive mainly to dynamic processes (e.g., mobility of particles), SLS can
be used for the study of the molecular weight, the particle structure, and the particle interaction with
the solvent used. Importantly, when DLS and SLS analyses are combined, the Dg/Dy, ratio, where Dg
is the diameter of gyration, provides significant information on the architecture. In other words, it can
be used for the estimation of particle deviation from the shape of a homogeneous sphere that
possesses a ratio of 0.775%.
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Figure 1.3 Light scattering methods are essential tools for the analysis of nanobeads. (A) The instrumental
scheme is depicted. In a DLS experiment, a single-frequency laser is directed onto the dispersion of nanobeads.
The incident laser light is scattered in all directions. At a certain angle, the scattered light is detected over time
as scattered light fluctuations. In an SLS experiment, the same instrument allows measuring at several different
angles; the absolute mean intensity is measured. (B) Static light scattering experimental data processing. One
can plot Kc/R as a function of (q2+kc), where k is an arbitrary constant.

1.3.3 Asymmetric Flow Field Flow Fractionation

As evident from the attached publication, complementary analytical tools were combined to assess
NP properties. For example, asymmetric flow field flow fractionation (AFFFF) can be applied to the
characterization of nanoparticles, polymers and proteins. It is a chromatographic elution technique in
the versatile field-flow fractionation (FFF) separation tool family. FFF was first described by J. C.
Giddings in 1976%. Similar to chromatography, typical FFF experiments involve the introduction of
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a narrow sample band into a mobile phase stream flowing through a channel where separation
occurs (Fig. 1.4A). The laminar flow of the mobile phase is generally described by a parabolic flow
profile, in which the stream velocity varies with the distance from the channel walls. Zero velocity flow
can be observed at the walls, while the flow increases farther away from the wall. The maximum
velocity can be observed at the center of the channel. In this technique, retention/separation is
achieved by way of the nonuniform flow profile in the mobile phase with aforce field (e.g,
gravitational, thermal-gradient, electrical, and magnetic) introduced at a right angle to the channel.
The entities analyzed migrate at different speeds, as different entities are held by the field in different
regions. The separation is hence due to the combined effect of the applied field and the mobile phase
flow velocity profile and is determined by the differences in the diffusion coefficients of the entities.
Eluted species are then detected (e.g., by a UV/VIS detector)®.

In AFFFF, the bottom channel wall is replaced with a semipermeable membrane (regenerated
cellulose) with a defined cutoff size, allowing both the mobile phase and small entities below the
cutoff to penetrate the membrane”. In this technique, cross-flow is the force leading to sample
accumulation, as depicted in Fig. 1.4B. A typical AFFFF experiment starts with sample injection and
a focusing step in which two flows in opposite directions are applied to the channel. This focuses all
the entities in the sample to one area and corrects for any peak broadening. Next is the elution step
(Fig. 1.4C) in which a single-direction solvent is introduced. Small entities with high diffusion
coefficients are eluted at an early time point. Large particles with low diffusion coefficients are eluted
later. In the field of macromolecular analytes, AFFFF is usually coupled with refractive index (RI),
UV/VIS, and multiangle light scattering (MALS) detectors that are based on the light scattering
phenomenon outlined above. Due to the separation process, MALS detection allows estimation of
both D and M,, values, even when polydisperse samples are analyzed. This is probably the largest
advantage compared to conventional DLS, which is usually biased due to the presence of larger
particles.
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Figure 1.4 Asymmetric Flow Field Flow Fractionation. (A) FFF instrumental setup. A typical AFFF experiment
starts with an injection/focusing step (B) followed by separation (C).

1.3.4 NP interaction with Cells

In the context of nanoparticle drug delivery systems, it is not surprising that the use of such
interventions bears a risk of side effects. Thus, the use of in vitro biological models in conjunction with
bioanalytical tools vastly improves the understanding of the predictability and potential effects in vivo
before clinical trials.

20



As the author of this thesis finds, there are two major quests. The first question to be answered—How
does a cell process nanobead-based interventions?—refers to the movement of nanomedicines through
a cell (Fig. 1.5). This area is aimed at the study of NP uptake, mechanisms of internalization (see
below), NP fate, etc. One of the most usable bioanalytical and biological tools assessing these
phenomena is the use of fluorescently labeled NPs*. Additionally, as evident from the attached
publications, methods such as confocal microscopy and flow cytometry are essential instrumental
methods that are extremely applicable in this area®.

In contrast, the second question—IWWhat is the cell’s biological response’—takes into account the
complex interactions between the nanomedicines and the cell. Two types of cell-based assays
studying the effects of NPs can be classified—functional and viability assays™. Functional assays are
primarily aimed at determining the impacts of nanobeads on cell function and pathways. These assays
include, for example, the study of cell proliferation (i.e., growth), oxidative stress, immunogenicity by
way of cytokine determination, and the impact on both DNA synthesis/damage and gene expression.
Viability assays are primarily focused on whether cells in the assay remain viable after nanobeads have
been added to the culture. These include the study of hemolytic activity (i.e., the impact on red blood
cells) and cytotoxicity described in more detail below.
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Figure 1.5 Biorelevant analysis of nanobead-cell interactions. (A) There are two main quests to be assessed in
terms of a general cell culture experiment depicted above left. (B) A typical result from the cytotoxicity assay.
The horizontal line in the panel indicates a cell viability level where the data above the line are considered
noncytotoxic and those below the line are cytotoxic. The half maximal inhibitory concentration (ICsp) can be
used as a quantitative value related to cytotoxicity.

1.3.5 Cytotoxicity assays

Since Kawahara used a cell culture method to study dental material cytotoxicity in 1955°", a variety of
cytotoxicity assays have been adapted. Cytotoxicity assays determine cell viability, i.e, the percent of
healthy cells in nanobead-treated cells usually after 24 h of incubation. One of the simplest assays is
dye exclusion. This approach uses membrane-impermeable dyes that stain only cells with damaged
cell membranes. Dyes such as trypan blue, 7-amino-actinomycin D, and propidium iodide are
selective stains for dead cells in this way. Determination of the dye used is based on fluorescence or
absorbance measurements. Another example is the measurement of cell metabolic activity—after
24 h of cell treatment, a dye is added to the culture. If the cells are viable, the dye is reduced to
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a colored or fluorescent product. Cytotoxicity assays are usually carried out with cells with desired
characteristics (e.g., epithelial, endothelial, and fibroblasts) and performed within 96-well microtiter
polystyrene plates. These in vitro experiments can be evaluated according to ISO 10993-5; reduction
of cell viability by more than 30% is considered a cytotoxic effect™ (Fig. 1.5B).

1.3.6 Flow Cytometry

A powerful method capable of addressing both of the abovementioned issues (i.e.,, cells’ impact on
NPs and NPs"impact on cells) is flow cytometry. It is a bioanalytical tool that assesses multiple features
of a single cell, such as size, granularity, and fluorescence, simultaneously as a cell suspension flows
through a measuring device. Herein, the general principle is explained.

@ Sample suspension 0

| SSC

O\

. FSC

Fluorescence signal B

Hydrodynamic 5

focusing ol e

i £

Forward scatter (FSC) (s

Laser z > =
& \ o FSC

Side scatter (SSC) \ \ X
SSC

Flow sheath

Figure 1.6 Flow cytometry as a cell-analyzing bioanalytical tool. (A) As scheme of the nonsorting flow cytometer
is shown. (B) lllustration of light scattering by a cell. Forward scatter (FSC) is proportional to size and surface area,
while side scatter (SSC) is proportional to cell granularity.

The first essential component of a flow cytometer (Fig. 1.6A) is the fluidic system consisting of sheath
fluid and pressurized lines that inject both the sheath fluid and the suspended cells into the flow
chamber. Based on principles related to laminar flow, the analyzed suspension core remains separate
though coaxial within the sheath buffer, while the sheath buffer accelerates the cells and restricts
them to the sample core, a phenomenon known as hydrodynamic focusing, making the cells align in
a single file fashion. In fixed positions, the flow cytometer has a laser, lenses, and collection optics.
Interactions between the cells and a laser light beam are measured as light scattering and/or
fluorescence intensity.

Upon light scattering, the light is deflected around the edges of the cell analyzed after the laser strikes
the cells; one detector is in line with the light beam, and the second detector is placed perpendicular
to the stream. Importantly, two types of light scatter, forward scatter (FSC) and side scatter (S5C), are
detected (Fig. 1.6B). While FSC light is proportional to cell surface area or size, SSC light represents
mostly refracted and reflected light and is proportional to the cell granularity and complexity, allowing
cell immunophenotyping, for instance® >,

Flow cytometry is, however, predominantly used to measure the fluorescence intensity of fluorescent
dyes, antibodies, or ligands binding to specific cell-associated molecules®. For instance, this allows
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the measurement of apoptosis markers, cell viability, detection of plasma membrane changes, and
DNA fragmentation, i.e,, the functional and viability assays suggested above. Importantly, as evident
from some of the attached publications, flow cytometry is a powerful tool for the study of nanobead
uptake, uptake kinetics and intracellular fate — using fluorescent nanobead subjected to a cell
culture, this technique is capable of assessing the cell-associated fluorescence.

Note that two different types of flow cytometry are available, namely, nonsorting and sorting. While
nonsorting systems perform light scattering and fluorescence emission only, the sorting systems
possess the ability to sort the cells as well.

1.4 Rationalizing the Use of Nanomedicines

NP drug delivery represents a unique and useful approach that has been shown to improve the
efficacy while decreasing the doses and off-target toxicities' ** */. To rationalize the use of
nanomedicines, dozens of factors could be discussed and emphasized. Below, selected intracellular
drug delivery-relevant phenomena are mentioned to outline this emerging area.

1.4.1 Nanobeads Reach Intracellular Levels

Logically, to treat an infection caused by bacteria that are capable of living and reproducing within a
cell, there is a requirement for intracellular delivery of an active molecule (i.e., an antibiotic). This is
satisfied by the fact that, owing to their small size, NPs can easily enter eukaryotic cells such as
macrophages and epithelial cells—two important cell types representing niches for bacterial
persistence®® .,

In general, NPs are engulfed by a cell mainly through endocytosis (Fig. 1.7), a biologically important
process allowing internalization of a material. This process is based on cell membrane invaginations,
followed by complex steps. Depending on the cell type and NP properties, endocytosis can be
classified into two major categories: phagocytosis (ie, “cell eating”) and pinocytosis (ie., “cell
drinking”)®°.

Phagocytosis occurs primarily in the case of professional phagocytes (neutrophils, macrophages, and
dendritic cells). Their aim is to take up dead cells, cell debris, and bacterial pathogens, ie, relatively
large structures. Membrane protrusions surround structures to be ingested and absorb them into
phagosomes that are formed by the fusion of cell membranes. Integral phagocytosis is a process
called opsonization—soluble opsonins (e.g., immunoglobulins and complement proteins) coat the
target structures to initiate phagocytotic activity®'. Opsonins serve as adaptors that bind and activate
potent phagocytic receptors. Opsonization, however, also occurs in the case of human-fabricated
beads. When exposed to physiological conditions, the nanostructure surface is associated with
various biomolecules to decrease the surface energy. This leads to the formation of a layer—the
protein corona®. Note that this phenomenon has several relevant implications, such as the effect of
the protein corona on colloidal stability and rapid clearance by the mononuclear phagocyte system
(MPS)*'.

Pinocytosis can be subcategorized into clathrin-mediated endocytosis, caveolae-mediated
endocytosis, clathrin- and caveolae-independent endocytosis and macropinocytosis®. In clathrin-
mediated endocytosis, particular ligands in the extracellular environment bind to the receptors on
the surface of the plasma membrane. This leads to the formation of a ligand-receptor complex. These
complexes move to a specialized region of the plasma membrane that is rich in clathrin.
Subsequently, they are taken up through the formation of clathrin-coated vesicles®. Once
internalized, clathrin coatings are expelled prior to fusion with early endosomes.
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Caveolae-mediated endocytosis represents the route of cell entry that involves flask-shaped
invaginations in the plasma membrane called caveolae (little caves). The caveolae are present in
endothelial, epithelial, adipocyte, muscle, and fibroblast cells and are composed of the membrane
protein caveolin-1. Once caveolae are detached from the plasma membrane, they fuse with
caveosomes and vesicular structures. Clathrin- and caveolae-independent endocytosis occurs in cells
that are deprived of clathrin and caveolin. Finally, macropinocytosis is a subtype of the pinocytosis
mechanism in which cells take in high volumes of extracellular fluid by forming relatively large
vesicular structures called macropinosomes. This pathway internalizes apoptotic and necrotic cells,
bacteria, and viruses as well as presented antigens. Even certain micron-sized architectures that
cannot be taken up by cells by most other pathways can be internalized through macropinocytosis®.
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Figure 1.7 Uptake mechanisms of cells. Large particles such as bacteria are internalized by phagocytosis based
on opsonization (A). Trafficking of particles can occur through nonspecific macropinocytosis (B). Multiple other
uptake pathways are available. These include (C) clathrin-mediated endocytosis, (D) caveolae-mediated
endocytosis, and (E) clathrin-independent and caveolae-independent endocytosis.

Considering intracellular drug delivery, it is worth stressing that the abovementioned mechanisms
occur even without any specific targeting ligands on the nanobead's surface; they are based on the
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innate functions of both professional and nonprofessional phagocytes and thus complicate drug
delivery due to nonspecific targeting and rapid clearance. This can be avoided by both changing the
NP surface energies and imposing immobilized steric barriers®” and active targeting—maodification of
the NP surface with affinity ligands that are selective for certain receptors on the target cells. In the
case of macrophage targeting, several approaches have been described. A typical example is
mannose receptor-targeted delivery® .

1.4.2 Resident Phagocytes Migrate to the Infection Site

When an infection or inflammation occurs, professional phagocytes are attracted to the site by
chemoattractants emitted by bacteria or other eukaryotic cells already present®. While this feature is
one of the key players in both innate and adaptive immunity®, it was found play an important role in
the NP-treated infection scenario.

In vivo, it was described that NP-trafficking uninfected macrophages migrate to sites of infection,
including the lungs in the case of TB (Fig. 1.8). Fenaroli and coworkers® observed that polymeric NPs
injected into Mycobacterium marinum-infected zebrafish larvae were internalized into blood
macrophages. Subsequently, these antitubercular NP-protected cells migrated to M. marinum
granulomas. Similarly, in a rabbit model of TB, the dynamic influx of macrophages into granulomas
was reported”. These reports support the concept that uninfected macrophages from distant sites
may take up NPs and carry them to the infection site.

mood lelkocytes Blood flo

Figure 1.8 Cell migration to the infection site. In the case of an infection (A), leukocytes (including resident
phagocytes) in the blood (B) respond to chemical attractants released by bacteria and chemical signals from
injured cells (light dots). This results in leukocyte squeezing (C) between the blood vessel epithelial cells due to
chemical signals (i.e.,, positive chemotaxis).
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1.4.3 Nanobeads Can Reach the Infection Site

In anticancer therapy, tumor-targeted drug delivery design is often based on an enhanced
permeability and retention (EPR) effect. Due to the necessity for supplying oxygen and necessary
nutrients to the tumor site, there is a need for rapid angiogenesis. Therefore, the neovasculature is
usually leaky and abnormal in form and architecture—a feature allowing for the accumulation of
macromolecules and nanobeads’". The upper size limit varies from below 100 nm to over 1 um’2 This
phenomenon is not, however, exclusive to tumors but is also evident in infection’”*, where various
factors (e.g., bradykinin, nitric oxide, peroxynitrite, prostaglandins, etc.) mediate vascular permeability
(Fig. 1.9) to facilitate the access of immune systems to the infected site. In the context of TB, the
Griffiths group’® described this phenomenon in a murine model of tuberculosis; fluorescently labeled
liposomes extravasated from the vasculature after systemic administration and reached lung
granulomas. Overall, the aspects emphasized formulate a logical strategy for anti-TB drug delivery and
clearly justify the potential of nanobead-based interventions.

lar Ieakage

Figure 1.9 EPR effect in infection. Infection sites possess unique pathophysiological characteristics that are not
observed in normal tissue (A). An infection (B) promotes a sustained biochemical cascade based on various
biochemical factors. This mediates vascular permeability (€) and makes the vasculature leaky for
macromolecules and NPs (yellow dots), allowing them for retention (D) within the infection site.
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CHAPTER 2: BLOCK COPOLYMER
INVESTIGATION

Amphiphilic nanobead-based polymeric systems can be based on both block and graft copolymers,
comprising hydrophilic and hydrophobic character that leads to favorable self-association properties.
Block and graft copolymers represent systems that are highly tunable and often synthesized to be
stimulus-responsive'=. While the assembly of graft copolymers and their prediction are, as opposed
to linear block copolymers, more complex, block copolymers represent a relatively simple approach;
their self-assembly behavior can be controlled by the weight ratio of the hydrophilic and hydrophobic
components.

In the context of TB treatment, we designed lipase-degradable and biocompatible nanoparticles
based on the well-established methoxy poly(ethylene oxide)-block-poly(e-caprolactone) (MPEO-b-
PCL) copolymer capable of self-association into NPs carrying rifampicin (RIF), a first-line antitubercular
agent.

The objective was to study the physicochemical and biorelevant properties (ie, cytotoxicity,
biodegradability, anti-TB activity, pharmacokinetics, etc.) of such NPs and to critically cross-correlate
physico-chemical and biological properties of such nanoparticles. Below, a commented summary
that references publications [P1-P3] is shown.

2.1 Block Copolymer NPs for TB Treatment
2.1.1 Copolymer Synthesis and Characterization

For the purposes of this thesis, five different MPEO-b-PCL copolymers were prepared by a metal-free
ring-opening polymerization of e-caprolactone (CL) initiated by MPEO, where HCl was used as the
catalyst (Fig. 2.1A).

All the MPEO-b-PCL copolymers were characterized by 'H NMR spectroscopy and GPC. Both the 'H
NMR spectrum and normalized GPC curves are depicted in Fig. 2.1, the macromolecular
characteristics of the copolymers are shown in Table 2.1.

Table 2.1 Chemical and molecular weight characterization of fabricated MPEO-b-PCL copolymers.

Copolymer? M,° M.,© My© b

MPEO.44-b-PCL1s 4000 6 400 5500 1.17
MPEO4-b-PCLy, 5000 6 700 5400 1.23
MPEQ 44-b-PClLs; 11200 18 300 15200 1.21
MPEO 115-b-PCL 33 8800 8 300 7 200 1.16
MPEO113-b-PCL113 17900 19 200 16 000 1.19

2 Subscript indicates the calculated number of repeating units of the block polymer.

b Molecular weight values (Da) were determined using 'H NMR.

¢ Molecular weight values (Da) were determined by GPC calibrated with polystyrene standards.
d Dispersity, My/M,

Taken from [P1].
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Figure 2.1 Block copolymer synthesis and characterization. (A) The copolymers were prepared by ring-opening
copolymerization at room temperature (RT). (B) Typical '"H NMR spectrum. Sample MPEQ 44-b-PCL 15 is shown. (C)
GPC curves of prepared copolymers. Polymer P1, MPEQ 44-b-PCL1s; P2, MPEQ 44-b-PCL57; P3, MPEOQ44-b-PCl g1 ; P4,
MPEQO13-b-PCL33; P5, MPEO13-b-PCL115. Taken from [P1].

2.1.2 Self-assembly and NP characterization

As evident in publication [P1], all the copolymers prepared were subjected to self-assembly and NP
characterization. The results below are, however, based on one representative, namely, the most
promising nanoformulation based on MPEO;15-b-PClLs;. As was done with all the copolymers
fabricated, the copolymer MPEO;3-b-PCL3; was subjected to nanoprecipitation from an acetone
solution to prepare both the RIF-loaded and RIF-free samples (herein referred to as NPs-RIF and NPs).
The loading efficacy was assessed via both drug loading (DL, %) and entrapment efficacy (EE, %) as
described in detail [P1]. By way of UV/VIS spectrometry at 477 nm, using the following equations, DL
and EE were found to be approximately 11 and approximately 15%, respectively.

mass of the drug contained in nanoparticles
DL= x 100 (7)

mass of the nanoparticles containing drug

mass of the drug in nanoparticles
~ mass of the drug used for the formulation

(8)

Both the NPs and NPs-RIF formulations were comprehensively characterized by several methods in
terms of size, size distribution, and morphology. As is evident from Fig. 2.2A, the dynamic light
scattering (DLS) distribution functions are portrayed as one distribution mode with hydrodynamic
diameter (Dy, nm) values of 75 nm and 85 nm for NPs and NPs-RIF, respectively. In contrast, small-
angle neutron scattering (SANS) investigations revealed a slightly different average diameter for these
two formulations: 54 nm for the NPs and 48 nm for the NPs-RIF samples.

This difference probably makes sense, as DLS also effectively measures the non-free water in proximity
to the particle surface. Note that asymmetric flow field flow fractionation (AFFFF) results [P1] are in
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line with those obtained from SANS; NPs and NPs-RIF formulations revealed diameters of gyration
(Dg, nm) of 51 and 53 nm, supporting the fact that DLS can overestimate the actual size distributions
of nanoparticles**. In addition, the SANS results show a complete overlap at high g, suggesting that
the internal NP structure does not change after RIF loading. Additionally, there was no difference in
the SANS data obtained at 25 °C and 37 °C, demonstrating that the nanoformulations prepared are of
very good temperature stability.
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Figure 2.2 NP characterization. (A) Volume-weighted size distribution functions. (B) Small-angle neutron
scattering (SANS) patterns. (C) Cryo-TEM images of blank (top) and RIF-loaded NPs (bottom). Scale bars: 100 nm.
Taken from [P2].

2.2 Testing on a Cellular Level
2.2.1 Cytotoxicity and Cellular Internalization

Regarding biological activity, we studied the main aspects related to the interaction of our nanocarrier
with the biological environment. First, the use of NP interventions bears the risk of side effects. Within
the biorelevant analysis, cytotoxicity and compatibility were evaluated using the MTT assay. This assay
is based on the cleavage of the yellow tetrazolium salt MTT to blue formazan crystals by metabolically
active cells. Fig. 2.3 depicts the results from testing with the mouse ascites-based macrophage
J774A.1 and Raw 264.7 cell lines, the mouse peritoneal macrophage IC-21 cell line, the mouse alveolar
macrophage MH-S cell line, and the human lung epithelium BEAS-2B cell line. In accordance with the
fact that MPEO-b-PCL is an FDA-approved copolymer, blank MPEO+5-b-PCl 33 showed no significant
cytotoxicity for all the cell lines used. In contrast, for all the cell lines used, the NPs-RIF formulation led
to increased cytotoxicity compared to free RIF. Note that this finding is, in terms of drug delivery,
somewhat unusual, as nanomedicines are known to decrease the toxicity of drugs. It can be
hypothesized, however, that this phenomenon is caused by a more efficacious RIF delivery to
macrophages. The half maximal inhibitory concentration (ICso, ug/mL) values for the NPs-RIF were
found to be 238 + 27,134+ 5,94 + 7, 157 £ 6 and 273 + 20 for the IC-21, J774A.1, Raw 264.7, MH-S
and BEAS-2B cell lines, respectively. It can thus be suggested that our nanoformulation should not
lead to significant toxic effects in vivo, as the estimated IC50 values are significantly higher than the
clinical concentrations of RIF.
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Considering the NP size estimated (see above), the NPs obtained should be suitable for internalization
into macrophages. This was proven by confocal laser scanning microscopy investigation with IC-21
peritoneal macrophages. Fig. 2.4 depicts the trafficking of MPEO-b-PCL nanoparticles covalently
labeled with 7-(diethyl amino)coumarin-3-carbonyl azide (DACCA). It is evident that internalization is
a fast process; the cell fluorescence plateau was reached within several minutes. Note that this is in
line with flow cytometry investigations that are discussed in publications [P1, P3].
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Figure 2.3 Results of cytotoxicity testing. IC-21 (murine peritoneal macrophages), J774A.1 and Raw 264.7
(murine ascites-based macrophages), BEAS-2B (human lung epithelial cells), and MH-S (murine alveolar
macrophages) cells were incubated with different concentrations of the studied formulations for 24 h, and their
viability was assessed using the MTT assay. Effect of RIF-free MPEO-b-PCL nanoparticles (A, NPs), free RIF (B), and
RIF-loaded formulation (C, NPs-RIF). The horizontal lines in the panels indicate a cell viability level where the
data above are considered noncytotoxic and below cytotoxic. Taken from [P1, P2].
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Figure 2.4. The incubation time-dependent internalization of DACCA-labeled MPEO-b-PCL NPs by IC-21
macrophages. (A) Confocal laser scanning microscopy images of peritoneal macrophages after the addition of
the MPEO-b-PCL nanoformulation (40 pg/mL). Scale bar: 20 um. (B) The corresponding signal quantification.
Taken from [P2].

2.2.2 Macrophage Infection and Treatment

To assess the antitubercular efficacy in mycobacteria-infected macrophages, we infected Raw 264.7
cells with the virulent M. tuberculosis H37Rv strain and treated them with the NPs-RIF formulation.
Subsequently, the cells were lysed, and the cell lysates were seeded on cultivation plates. The efficacy
was analyzed by way of numbering colony forming units (CFUs). Fig. 2.5A depicts an experiment in
which the Raw 264.7 cells were treated at a concentration of 20 ug/mL (corresponding to free RIF
equivalents) for 5 days. It was found that the nanobead-based intervention carrying RIF is significantly
more efficacious than free RIF. In other words, no H37Rv colonies grew on the Lowenstein—Jensen
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plates after nondiluted cell lysate was seeded. In the case of free RIF treatment, the infection still
persisted after 5 days of monotherapy.
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Figure 2.5 Infection and treatment of Raw 264.7 macrophages. (A) Killing effects of NPs-RIF during a five-day
treatment procedure. Note the higher efficiency of RIF-loaded nanoparticles. (B) Corresponding images from
confocal laser scanning microscopy of Raw 264.7 cells after infection by DsRed-expressing M. bovis BCG and one
day of treatment with DACCA-labeled NPs. Note the increased NP-related signal within the location of
mycobacteria persistence (white arrows). Scale bars: 10 um. DIC - differential interference contrast.
(C) Corresponding micrographs from TEM ultrastructural analysis. Examples are from a mycobacteria-infected
cell that was treated with NPs overnight. Conventional TEM demonstrated the occurrence of bacteria in the
cytoplasm, as well as their frequent association with NPs (red arrows). NPs distributed freely in the cytoplasm
are marked with black arrows. B — bacteria, C - cytoplasm, N — nucleus. Scale bars: 2 um. Taken from [P1].
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As emphasized in [P7], fluorescent protein-expressing mycobacteria represent an elegant tool for
probing and analyzing mycobacterial infections and antitubercular drug delivery systems. Infection
experiments with red fluorescent protein-expressing M. bovis Calmette—-Guérin (BCG) allowed us to
elucidate the treatment procedure. For this purpose, DACCA-labeled NPs were incubated with
fluorescent M. bovis BCG-infected Raw 264.7 cells overnight. The results from this in vitro experiment
proved that our nanobead-based intervention is taken up by both healthy and infected cells,
suggesting that this MPEO-b-PCL-based drug delivery system can be adapted into a platform for
delivering antituberculotics into infected macrophages (Fig. 2.5B). Note that the presence of the
MPEO-b-PCL assemblies was also confirmed by ultrastructural analysis using TEM investigation
(Fig. 2.5C).

2.3 Testing in Animal Models
2.3.1 Testing in Zebrafish: Imaging and Infection

To assess the in vivo efficacy of our system, we started with zebrafish (Danio rerio), which is an attractive
vertebrate model organism for studying TB, as it is sensitive to M. marinum®, the causative agent of
tuberculosis in ectotherms, including fish. We used this model for the noninvasive study of fate in vivo
and simultaneous testing of the antitubercular properties of NPs-RIF. For the in vivo imaging, we
injected Tg(fliTa:EGFP) zebrafish larvae possessing vasculature visible by way of green fluorescence
with tetramethylrhodamine-5-carbonyl azide (TMR)-labeled MPEO;13-b-PCLss NPs into the caudal
vein. As depicted in Fig. 2.6, the majority of the TMR-labeled NPs colocalized with endothelial cells
within 2 h of the injection.

Subsequently, we infected zebrafish embryos with M. marinum. It is known that such an infection
results, similar to human tuberculosis, in uptake by macrophages that aggregate over time to form
granulomas’®. Thus, we injected approximately 160 CFU of M. marinum; one day post infection, the
larvae received an injection containing 10 ng of RIF in either free form or encapsulated in NPs, and
cumulative mortality was estimated.
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Despite the fact that the majority of the NPs were found in the endothelial cells, which are not the
primary sites of mycobacterial persistence, treatment by NPs-RIF led to significant improvement of
the treatment compared to free RIF (Fig. 2.6C), suggesting that there could be similar potential in
terms of testing with a mammalian infection model (e.g., mice).
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Figure 2.6 Zebrafish model of tuberculosis. (A) Micrographs of Tg(fliTa:EGFP) zebrafish embryos injected with
red fluorescent NPs. Green channel: blood vessels; red channel: TMR-labeled NPs, in addition to
autofluorescence from the yolk sack. Scale bar: 1 mm. (B) Enlargement of the area demarcated by the white
rectangle, showing the fluorescent image of the tail area. The NPs, in red, clearly colocalize with endothelial
cells, causing the majority to no longer circulate in the bloodstream. Scale bar: 300 um. (C) Cumulative mortality
of infected zebrafish larvae treated with 10 mg/kg free RIF, NPs-RIF and blank nanoparticles (NPs). Taken from
[P1].

2.3.2 Testing in Mice: Bioimaging and Pharmacokinetics Study

To obtain a more detailed picture of this system, we evaluated the biodistribution and
pharmacokinetics of the MPEQO;13-b-PCL33 NPs in mice.

First, in vivo and ex vivo imaging of near-infrared (NIR) fluorescent dye Dyomics 700-labeled NPs
(referred to as NPs-Dy) was carried out after a single intraperitoneal (i.p.) injection into mycobacteria-
free BALB/c mice at a dose of 10 mg/kg, an amount corresponding to the dose used for all the mouse
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experiments described below. Fig. 2.7A shows the NIR signal of NPs-Dy and free Dy (administered
ata corresponding concentration). After the maximum whole-body NIR signal was reached within 1-
2 h after the administration of both NPs-Dy and Dy, the free dye revealed faster clearance. The decay
of the NPs-Dy signal was slower, as evident from the NIR data quantification (Fig. 2.7B). Regarding
the fate of the NPs, the bioimaging experiment revealed that the NPs were found mainly in the liver
and intestinal tissue, i.e,, organs of the mononuclear phagocyte system (MPS). This is in line with
additional ex vivo imaging 6 h after administration (Fig. 2.7C), suggesting that both liver and intestinal
tissue are involved in NP elimination and that the polymer is cleared via both the MPS and the
hepatobiliary system.
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Figure 2.7 Bioimaging of the NP intervention in BALB/c mice after intraperitoneal administration. (A) Real-time
imaging within 24 h after administration. (B) Whole body NIR fluorescence data quantification (n = 3). Note the
prolonged elimination of the NP-based intervention (NPs-Dy) compared to the free Dyomics 700 (Dy).
(C) Exvivo imaging of brain, heart, lung, spleen, bladder/ovary, kidney, liver, and stomach/intestine (from left to
right) at 6 h after administration. Liver-related fluorescence intensities were 1.7 + 1.5 and 12.9 + 5.6 for Dy and
NPs-Dy, respectively, whereas intestinal tissue revealed fluorescence intensities of 8.8 + 0.3 and 40.8 + 15.0 for
Dy and NPs-Dy, respectively. The results are expressed as the mean + SD and were analyzed by ANOVA,; for
bioimaging, three mice were used for each time point. Taken from [P2].

To assess the pharmacokinetics, RIF levels in both serum and lung tissue were studied by HPLC
coupled with mass spectrometry. For this, a single dose of RIF in either free form or encapsulated in
NPs was administered (10 mg/kg, i.p.). At various time points (2,4, 6,8, 12, 24,48, and 72 h), blood and
lungs were collected and analyzed.

It is evident that both serum and lung homogenate analysis revealed that NPs-RIF showed a
sustained release compared to free RIF (Fig. 2.8A and 2.8B); this appears to be in accordance with
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the prolonged retention proven by the bioimaging (see above). Consistently, RIF released from the
NPs-RIF had significantly higher AUCs for both serum and lung tissue than free RIF (Table 2.2). This
suggests that the bioavailability was increased in the case of the nanoformulation.
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Figure 2.8 Pharmacokinetics and pharmacodynamics. NPs-RIF and free RIF were administered
intraperitoneally to mice at a dose of 10 mg/kg rifampicin. The animals were euthanized at various time points
to determine the rifampicin pharmacokinetics in the serum (A) and lungs (B). The pharmacodynamics of NPs-
RIF and free RIF as expressed by the ratio of the RIF level in serum (C) and lungs (D) and the minimum inhibitory
concentration (MIC) of 0.2 pg/mL. The volume distribution of rifampicin (0.85 L/kg) was used to convert MIC to
a more tissue-relatable value (0.17 pg/g). The horizontal lines represent a ratio of 1.

In microbiology, the lowest concentration of an antimicrobial agent that inhibits the visible growth
of a microorganism (minimum inhibitory concentration, MIC) is an important parameter. Thus, for the
pharmacodynamics discussion, AUCq-24n/MIC and Crax/MIC ratios were calculated. The Ciax/MIC ratios
were found to be almost the same for both NPs-RIF and free RIF (Table 2.2). However, the level of
RIF released from the nanobead-based intervention in both serum and lungs was greater than that of
free RIF, and hence, the nanobead-based intervention-related T > MIC (i.e,, the time during which the
drug level is above the MIC) was greater in both serum and lungs (Fig. 2.8B and 2.8C). This suggests
that the pharmacodynamics (as expressed by the ratio of the RIF concentration to the MIC) of RIF were
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improved when RIF was carried by NPs. Similarly, the NPs-RIF-related AUCq.24 n/MIC ratios were
greater than those found for free RIF (Table 2.2) in both serum and lungs. Altogether, these results
suggested a successful treatment outcome in vivo.

Table 2.2 Summary of critical pharmacokinetic and pharmacodynamic values for RIF and NPs-RIF

Organ  System AUCq 241 AUCotal Cinax Toax  Tiz Crmax/MIC AUCq_24n/MIC

(h)  (h) (h)
Serum  RIF 144.8 163.5 18.8 2 38 94 724
NPs-RIF 202.7 2505 18.0 2 83 90 10135
Lung RIF 40.7 46.6 6.0 2 32 352 2394
NPs-RIF 57.1 66.6 58 2 64 341 3359

Definition of abbreviations: AUC_.41, area under the concentration-time curve from 0 to 24 h after dose, units
are pug-h/mL or pg-h/g for serum or lung tissue, respectively; AUC 1, area under the concentration—time curve
from 0 to 72 h after administration; Cma, Maximum concentration in serum or lung tissue (ug/mlL or ug/q,
respectively); Tma, time to maximum concentration; Ty, elimination half-life; MIC, minimal inhibitory
concentration. The results obtained are based on sampling at 2, 4, 6, 8, 12, 24, 48, and 72 h after a single
intraperitoneal dose (10 mg/kg). Taken from [P2].

2.3.3 Testing in Mice: Infection and Treatment

Because of the promising results from the in vitro and in vivo investigations, we focused on the
antitubercular efficiency of our system in a mouse model of pulmonary tuberculosis. An intranasal
infection with virulent M. tuberculosis H37Rv was carried out using BALB/c mice; the animals received
250-900 viable tubercle bacilli, resulting in well-defined lung granulomas (Fig. 2.9) over the ensuing
four weeks.

Four weeks post infection, the animals were treated with blank NPs, free RIF, and NPs-RIF via the i.p.
route (10 mg/kg), 5 days per week. Note that the dose used represents an amount that has been
equated to be a clinically tolerated dose for RIF in humans. As depicted in Fig. 2.9, the tubercle burden
in mice treated with NPs-RIF, compared to untreated mice, was significantly reduced in the lungs
after both 4 and 8 weeks. Moreover, the reductions in CFU in lung tissue achieved by the NPs-RIF
intervention were significantly greater than that achieved by an equivalent dose of free RIF. Note that
treatment with blank NPs did not reveal any notable effect on infection reduction.

The results were also confirmed by histopathological examinations (Fig. 2.10); after 12 weeks post
infection, both the untreated animals and the blank NPs-treated mice developed chronic
infammation with  nodular granulomatous reaction with numerous acid-fast bacilli
(ie., mycobacteria) and collagen deposition. In contrast, both NPs-RIF- and RIF-treated mice
presented lungs with a reduced number of granulomas and decreased collagen deposition. These
findings suggest the suppression of nodular chronic inflammation.

Note that histopathological examinations of liver, kidney, and brain dissected from the blank NPs-
treated animals revealed no morphological differences from the untreated healthy mice.
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Figure 2.9 /n vivo testing of the MPEO-b-PCL NPs. BALB/c mice were infected with M. tuberculosis bacilli by the
intranasal route. (A) Ex vivo histopathological examination demonstrating pulmonary granulomas as a result of
TB infection induction. Lung tissues obtained from BALB/c mice 4 weeks after infection with M. tuberculosis
before the subsequent treatment are shown. Hematoxylin and eosin (H&E) staining revealed a lung
parenchyma-localized granulomatous inflammatory reaction characterized by multifocal nodular infiltrate with
macrophages (light cytoplasm and round or irregular nucleus) and lymphocytes. A high-magnification view of
the inset is shown in the middle. Ziehl-Nielsen (ZN, right) staining showed numerous acid-fast bacilli (red) in
the lesions. During the subsequent treatment, mycobacterial burdens were monitored throughout the course
of infection in the lungs (B) and spleens (C). The effect of the tested formulation (i.e.,, NPs, RIF, and NPs-RIF)
treatments was determined by assaying the mycobacterial CFUs 4, 8, and 12 days post infection. Formulations
were administered at 10 mg/kg. The RIF amount was equivalent to those in both the RIF and NPs-RIF
formulations. Scale bars: 200 pm, 100 um, and 50 um. The results are expressed as the means + SD and were
analyzed by ANOVA. Taken from [P2].
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Figure 2.10 £x vivo examination of lung tissue. Twelve weeks after infection, i.e., 8 weeks of treatment, no gross
pathology was found. In contrast, hematoxylin and eosin (H&E) staining revealed clear changes in lung
parenchyma-localized granulomas as a response to the treatment. The lung tissues demonstrated a marked
response to RIF and NPs-RIF therapy as a clear decrease in collagen deposition (Masson’s trichrome staining,
blue) and no presence of acid-fast bacilli (ZN staining), whereas lungs dissected from both untreated and NPs-
treated animals revealed gross fibrosis and numerous acid-fast tubercle bacilli. Scale bars: T mm, 200 um, 25 um,
and 200 pm. Taken from [P2].
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2.4 Remarks: Mechanism and Enzymatic Degradability

As indicated above, this partial project aimed to comprehensively analyze the effects of a fabricated
antitubercular MPEO-b-PCL delivery system. The treatment approach conducted as monotherapy
showed promising efficacy both on the cellular level and in vivo.

Considering the clinical circumstances and safety, it can be suggested that the fabricated
nanoformulation is well tolerated, as evident from testing with zebrafish. Moreover, the mice revealed
no histopathological changes, and their body weights were maintained over the course of treatment.
Considering the mechanism behind the observed efficacy improvement, the three main synergic
effects described above can be suggested. First, these include increased bioavailability, prolonged
drug release by virtue of the drug being encapsulated in our nanoformulation, and improved critical
pharmacokinetic and pharmacodynamic parameters. Second, it can be suggested that after
intraperitoneal (in mice) or intravenous (in zebrafish) administration, phagocytes are able to take up
the nanobeads and migrate to the site of infection by virtue of chemotaxis. This phenomenon was
also described in terms of NP-treated TB* '°. Finally, the Griffiths group'' described that an enhanced
permeability and retention (EPR)-like process, known from antitumor drug delivery systems, occurs,
allowing nanobead-based interventions to extravasate from the vasculature to reach granulomas.
Since our NPs end up in the systemic circulation, this suggested point is a third possible explanation.

To summarize, the effect of MPEO-b-PCL-based nanoparticles carrying rifampicin—a cornerstone of
modern antitubercular therapy—on zebrafish infection and lung tuberculosis in mice was described,
suggesting that it is an interesting candidate for further investigation.

The advantage of such a system, however, lies also in the fact that it is lipase-degradable by virtue of
ester bond hydrolysis. Moreover, as described in publication [P3], the enzymatic degradability was
found to be controllable by copolymerization with poly(y-butyrolactone) (P4HB). In this partial work,
we compared both MPEO-b-PCL and MPEO-b-PCL-co-P4HB copolymers in terms of enzymatic
degradation within living macrophages. This was studied by flow cytometry using DACCA-labeled
fluorescent NPs. DACCA is sensitive to changes in the outer environment. Thus, the degradation of
DACCA-labeled NPs leads to fluorescence quenching'? Based on this analytical approach, it was
found that the presence of P4HB in the copolymer matrix reveals faster intracellular degradation.
Given this, itis believed that this approach allows for elegant control of biorelevant properties. In other
words, the P4HB-containing copolymer MPEO-b-PCL-co-P4HB reveals a faster degradation rate than
the P4HB-free copolymer MPEO-b-PCL.
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CHAPTER 3: GRAFT COPOLYMER
INVESTIGATION

Compared with block copolymers, graft copolymers offer a different method for amphiphilic NP
preparation, with less predictability of the behavior. This is probably due to the changes in the
polymer backbone flexibility and steric constraints of hydrophobic segments of variable length and
grafting density—so indicating that the self-assembly aspects are worth studying. In collaboration
with the Sosnik group, we focused on two appealing hydrophilic polymers, poly(vinyl alcohol) (PVA)
and chitosan (CS), both of which are mucoadhesive, biocompatible, and widely used as biomaterials'.

Our strategy lies in the hydrophobization of both PVA and CS with poly(methyl methacrylate) (PMMA)
grafts as a model of hydrophobizing polymer [P4, P5]. Note that the study of mucoadhesive polymers
was not accidental—given the aspects of pulmonary infection diseases, it is of interest to study lung
drug delivery. The respiratory tract represents a relatively complex system consisting of the upper and
lower tracts; the lower tract is tree-analogically branched. The trachea, the largest tube, is branched
off into two tubes that branch into secondary and tertiary bronchi; they are further branched into
bronchioles. Millions of alveoli, vascularized hollow cup-shaped cavities, are located sparsely on
bronchioles. The lungs have a large and highly absorptive surface area of approximately 100 m?,
making the lungs an interesting site of administration®*. Moreover, a mucus barrier protects the
airways by way of discontinuous layer forming®°. Mucins are a family of high molecular weight anionic
cysteine-rich glycoproteins. Drug delivery systems possessing mucoadhesivity thus capitalize on this
feature to improve the pharmacodynamics and pharmacokinetics by way of the prolonged residence
time of drugs and increased local bioavailability®. Hence, the objective of this collaborative study was
to characterize poly(vinyl alcohol)-graft-poly(methyl methacrylate) (PVA-g-PMMA) and chitosan-graft-
poly(methyl methacrylate) (CS-g-PMMA) in terms of self-assembly, colloidal properties and physical
stabilization by way of crosslinking.

Below, a commented summary focused on both PVA-g-PMMA [P4] and CS-g-PMMA [P5] nanobeads
is shown; note that, where mentioned, unpublished results are discussed.

3.1 The PVA story
3.1.1 Self-Assembly and NP Characterization

PVA-based amphiphilic nanobeads were prepared using PVA-g-PMMA with M,, and M, values of
75,000 and 43,000 Da (O = 1.74), respectively, as estimated by GPC. The copolymer was synthesized
through a free-radical homopolymerization of PMMA on a PVA macroinitiator (Fig. 3.1A); detailed
characterization of the copolymer obtained in collaboration with the Sosnik group is shown in
publication [P4].

NP preparation was performed by direct solubilization of the PVA-g-PMMA copolymer in water. As
suggested above, we studied the preservation of the NP structure by crosslinking PVA domains with
boric acid (BA), which is based on the noncovalent stoichiometric 1,3,2-dioxaborinane rings between
borate anions and the polyol”® (stochiometric ratio 2 polyols per 1 borate anion). This leads to anionic
complex formation. In the text below, the noncrosslinked and BA-crosslinked samples are referred to
as PVANPs and PVANPs-BA, respectively. The assemblies fabricated were studied using DLS, SLS, ELS,
TEM and SANS.
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Figure 3.1 Synthesis and self-assembly of the PVA-g-PMMA copolymer. (A) Scheme of the free radical
polymerization in the presence of tetramethylethylenediamine (TEMED) and cerium ammonium
nitrate (CAN). (B) Size distribution functions as found by DLS. Taken from [P4].

Table 3.1 Physicochemical characteristics of the PVA-g-PMMA assemblies.

Sample Dy, (nm)? Dy (nm)® ¥ (Da)® Nagg® d(g/mL)® { (mV)©
PVANPs 70 77 43x10° 57 0014 -146
PVANPs-BA 74 78 44 x 100 63 0.014 -155

@ Determined by DLS.

b Determined by SLS.

¢ Determined by electrophoretic light scattering (ELS)
Taken from [P4].

The PMMA-hydrophobized PVA is, in principle, an amphiphilic copolymer; it was not, thus, surprising
that direct solubilization of the PVA-g-PMMA copolymer leads to spontaneous self-association and
the formation of light-scattering method-detectable NPs. The samples possessed an overall negative
zeta potential (Table 3.1), which is in line with results published elswhere®'°. The DLS distribution
function of PVANPs was found to be portrayed as a relatively narrow mode with a hydrodynamic
diameter of approximately 70 nm (Fig. 3.1B and Table 3.1). When the sample was crosslinked, a slight
increase in hydrodynamic diameter (to approximately 74 nm) was observed in the case of PVANPs-
BA. This may indicate that the crosslinking occurred mainly via intra- and not interparticle routes.

Using SLS, D4 was found to be approximately 80 nm. The aggregation number (N.q4) of the particles
was calculated according to the following formula:

M\I)\I/PS

Nagg= M_w '

©)

where M,, is the GPC-determined molecular weight of the copolymer and /\/IVNVPS is the molecular
weight of the nanoparticles, as determined by SLS. It is evident that both the M., and N.qg of the
assemblies increased slightly after crosslinking (Table 3.1). The apparent structural density d was
calculated according to the following formula:

e

d=—r (10)
7—TNADgeom
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where N, is Avogadro’s constant and Dgeom is the geometrical dimension (diameter) calculated as
Dgeom = 1.29 - Dg, was found to be reasonably low (0.014 g/cm? for both samples). This suggests that
the assemblies are most likely water-swollen, even when the particles were crosslinked. The Dgy/Ds,
ratio, a measure of the distribution of the matrix through the nanobead, decreased from 1.10 to 1.05
when the nanobeads were crosslinked, indicating that the PVANPs-BA beads are more compact and
have less dangling chains than the PVANPs. Note that homogenous spheres exhibit a Dq/Dh, ratio of
0.775". Thus, the ratios found in this study suggest that the nanobeads represent swollen structures.
Overall, the DLS and SLS measurements suggest that BA crosslinking stabilizes the particles and does
not lead to any significant density change within the PVA-g-PMMA nanobeads. Zeta potential
estimation revealed a slight decrease in the case of PYANPs-BA, probably due to the formation of a
negatively charged borate complex.
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Figure 3.2 Structural analysis of PVA-g-PMMA beads. (A) SANS patterns and fitting. TEM micrographs of
(B) PVANPs and (C) PVANPs-BA obtained by conventional TEM with negative staining. Scale bars: 100 nm.
Taken from [P4].

Similar to the previous story, we combined SANS and TEM to shed light on the assembly size and
structure; Fig. 3.2 depicts both the SANS data and TEM images. Using a Beaucage model that is based
on a population of small particles together with larger particles, or conversely, small architectures
clustered into large multimicellar structures, the sizes found at 25 °C were Dy = 12 nm and Dg = 84
nm for small and large populations, respectively. Considering the TEM microphotographs, it can be
concluded that both PVANPs and PVANPs-BA possess isometric, though nonspherical, shapes (Fig.
3.2B and 3.2C). The nanobeads were found to be formed from small spherical units, probably
unimolecular architectures, with a size of approximately 12-15 nm, assembling into clusters with sizes
of 50-60 nm in diameter, which is in relatively good agreement with other results.

Note that SANS investigations revealed an exceptional stability for both PVANPs and PVANPs-BA at
25,35, and 40 °C. (Fig. 3.3A and 3.3B), suggesting that this system should also be stable at 37 °Cin
biological environments.
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Figure 3.3 Small-angle neutron scattering (SANS) patterns. The experiment was carried out at different
temperatures using both PVANPs (A) and PVANPs-BA (B). Note that the change in temperature revealed no
significant change in the scattering patterns. Taken from [P4].

3.2 The CS story
3.2.1 Self-Assembly and NP Characterization

The CS-based amphiphilic nanobeads were prepared using CS-g-PMMA with M,, and M, of 11,000
and 8,700 Da (b = 1.26), respectively, as estimated by GPC. Similarly, the copolymer was synthesized
through free-radical homopolymerization of PMMA on a CS macroinitiator (Fig. 3.4A). Similarly,
detailed characterization of the copolymer obtained in collaboration with the Sosnik group can be
found in publication [P5]. The self-assembly was carried out using the solution casting method
comprising cosolubilization of a drug and the copolymer in the same solvent (namely, DMSO), freeze-
drying, and direct solubilization in water'?. Similar to the above-described study with PVA, the physical
stabilization of such assemblies was studied; we used ionotropic crosslinking by tripolyphosphate
(TPP), which is based on the interaction between the hydrated amino groups (-NHs*) and the
polyanion’. The noncrosslinked and TPP-crosslinked nanobeads were referred to as CSNPs and
CSNPs-TPP, respectively.

First, we carried out light scattering analysis to obtain information about the size, zeta potential and
size distribution of the fabricated samples. It was proven that direct solubilization of the CS-g-PMMA
copolymer leads to the formation of nanoarchitectures with an overall positive charge owing to the
—NHs* side-chain groups of CS. Crosslinking by TPP led to a decrease in the zeta potential from
approximately +42 mV to approximately 22 mV. This was probably due to the partial neutralization of
the positively charged groups (Table 3.2). As depicted in Fig. 3.4B, the DLS distribution function of
the CSNP dispersion is portrayed as a relatively broad peak. This suggests that the dispersions are
based on a number of size populations. The hydrodynamic diameter (Dy) was found to be 188 nm
(Table 3.2). CSNPs-TPP revealed a broad distribution function with a Dy, value of 134 nm.
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Fig. 3.4 Synthesis and self-assembly of the CS-g-PMMA copolymer. (A) Scheme of the free radical
polymerization in the presence of tetramethylethylenediamine (TEMED) and cerium ammonium nitrate (CAN).
(B) Size distribution functions as found by DLS. Taken from [P5].

Table 3.2 Characterization of CS-g-PMMA nanoparticles by DLS and SLS.

Sample Dy, (nm)? Dy (nm)® MY (g/mol)° d (g/mL)* N.gs© {(mV)
CSNPs 188 212 50x10° 0.002 455 +42
CSNPs-TPP 134 168 7.1 x107 0.11 6455 +22

@ Measured by DLS.

b Measured by SLS.

¢ Values obtained from GPC and SLS were used for the calculation.
Taken from [P5].

SLS investigations revealed Dq values of 212 and 168 nm for CSNPs and CSNPs-TPP, respectively. The
Dy/Ds ratio is often used as a measure of the material distribution through the particle. As mentioned
in Chapter 1, for monodisperse hard spheres, the D4/Dj ratio is equal to 0.775'. The D4/Dy, ratio found
is equal to 1.12 for CSNPs and 1.31 for CSNPs-TPP. As could be expected, the higher value for the
CSNPs-TPP indicates a smaller contribution of loose chains in the surface crosslinking. This is also
reflected in the lower value of Dy, observed in the case of CSNPs-TPP. This also suggests that both
kinds of particles represent highly swollen structures. In other words, the nanobead volume is filled
with water, as suggested by the apparent structural density values calculated according to Eq. 10.

To obtain a more detailed picture of the CSNPs and CSNPs-TPP samples, SANS and TEM
investigations were carried out. Normalized SANS data for both CSNPs and CSNPs-TPP are depicted
in Fig. 3.5A. Given the SANS curve fitting performed, it is evident that a simple Guinier analysis did
not provide a proper fit (dashed curve). The shape of the SANS curves (ie., a small plateau in the
medium g-range and start of a plateau in the lowest g-range) could suggest the presence of at least
two sizes. In other words, a population of small particles together with larger particles, or conversely,
small architectures clustered into larger multimicellar structures, can be present. Using the Beaucage
model, a small population of Dq = 10 nm and a large population of Dy = 76 nm were found. Assuming
that these values represent spherical architectures, one can calculate the corresponding diameter
from the following equation:
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resulting in values of approximately 13 nm and 98 nm. The results were the same for both samples. It
is not, however, possible to state whether the small size population corresponds to free CS-g-PMMA
copolymer or, as indicated by TEM (see below), to building blocks.
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Figure 3.5 Structural analysis of CS-g-PMMA assemblies. (A) SANS patterns and fitting. TEM micrographs of
(B) CSNPs and (C) CSNPs-TPP obtained by TEM with negative staining. Scale bars: 200 nm. Taken from [P5].

TEM micrographs are depicted in Fig. 3.5B and 3.5C. The CSNP sample revealed a major population
of spherical-like assemblies with a size of approximately 40-50 nm, together with a small fraction of
particles having a size of 6-10 nm that seems to agree well the presence of unimolecular assemblies,
as found by the negative staining with uranyl acetate. The results found were in line with the SANS
analysis and suggested that the CS-g-PMMA copolymer presents a complex self-association pattern.
Smaller particles were found within both CSNPs and CSNPs-TPP samples; larger particles in the
CSNPs-TPP sample had similar sizes as those found for CSNPs; however, their structure was more
compact. Thisis in line with the increase in apparent structural density (Table 3.1). Note that a certain
fraction of the CSNPs-TPP formed even larger architectures (approximately 100-200 nm in diameter),
as evident from the TEM investigations.

Similar to the PVA story, SANS investigation was also conducted at different temperatures, and in
general, the assemblies revealed good temperature stability due to the low thermoresponsiveness of
the components (Fig. 3.6).
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Figure 3.6 Small-angle neutron scattering (SANS) patterns. The experiment was carried out at different
temperatures using both CSNPs (A) and CSNPs-TPP (B). Note that the change in temperature revealed no
significant change in the scattering patterns. Taken from [P5].

51



3.3 References

14.

Teodorescu M, Bercea M., Morariu S. Biomaterials of Poly(vinyl alcohol) and Natural Polymers. Polymer
Reviews. 2018, 58 (2), 247-287.

Patwa A, Shah A. Anatomy and Physiology of Respiratory System Relevant to Anaesthesia. Indian Journal of
Anaesthesia. 2015, 59 (9), 533-541.

Huang Y.Y., Wang C.H. Pulmonary Delivery of Insulin by Liposomal Carriers. Journal of Controlled Release. 2006,
113(1),9-14.

Patil J.S., Sarasija S. Pulmonary Drug Delivery Strategies: A Concise, Systematic Review. Lung India. 2012, 29
(1), 44-49.

Ridley C.,, Thornton D.J. Mucins: The Frontline Defence of the Lung. Biochemical Society Transactions. 2018, 46
(5), 1099-1106.

Boegh M., Foged C, Millertz A, Marck Nielsen H. Mucosal Drug Delivery: Barriers, in Vitro Models and
Formulation Strategies. Journal of Drug Delivery Science and Technology. 2013, 23 (4), 383-391.

ltou T, Kitai H., Shimazu A., Miyazaki T., Tashiro K. Clarification of Cross-Linkage Structure in Boric Acid Doped
Poly(vinyl alcohol) and Its Model Compound As Studied by an Organized Combination of X-ray Single-
Crystal Structure Analysis, Raman Spectroscopy, and Density Functional Theoretical Calculation. The Journal
of Physical Chemistry B. 2014, 118 (22), 6032-6037.

JiaY, Bai S, Park C.B., Wang Q. Effect of Boric Acid on the Foaming Properties and Cell Structure of Poly(vinyl
alcohol) Foam Prepared by Supercritical-CO2 Thermoplastic Extrusion Foaming. Industrial & Engineering
Chemistry Research. 2017, 56 (23), 6655-6663.

Thorat N.D,, Shinde KP., Pawar S.H., Barick KC, Betty CA, Ningthoujam R.S. Polyvinyl Alcohol: An Efficient
Fuel for Synthesis of Superparamagnetic LSMO Nanoparticles for Biomedical Application. Dalton
Transactions. 2012, 41 (10), 3060-3071.

. Sahoo SK, Panyam J, Prabha S., Labhasetwar V. Residual Polyvinyl Alcohol Associated With Poly(D,L-lactide-

co-glycolide) Nanoparticles Affects Their Physical Properties and Cellular Uptake. Journal of Controlled
Release. 2002, 82 (1), 105114.

. Santos N.C, Sousa A.M.A, Betbeder D., Prieto M., Castanho M.AR.B. Structural Characterization of Organized

Systems of Polysaccharides and Phospholipids by Light Scattering Spectroscopy and Electron Microscopy.
Carbohydrate Research. 1997, 300 (1), 31-40.

. Gaucher G, Dufresne M-H, Sant V.P, Kang N. Maysinger D., Leroux J-C. Block Copolymer Micelles:

Preparation, Characterization and Application in Drug Delivery. Journal of Controlled Release. 2005, 109 (1),
169-188.

. Sreekumar S, Goycoolea F.M,, Moerschbacher B.M,, Rivera-Rodriguez G.R. Parameters Influencing the Size of

Chitosan-TPP Nano- and Microparticles. Scientific Reports. 2018, 8 (1), 4695.
Varga I, Gilanyi T.,, Mészaros R, Filipcsei G., Zrinyi M. Effect of Cross-Link Density on the Internal Structure of
Poly(N-isopropylacrylamide) Microgels. Journal of Physical Chemistry B. 2001, 105 (38), 9071-9076.

52



CHAPTER 4: SUMMARY AND FUTURE
PERSPECTIVES

4.1 Overall Summary

Polymeric nanobead-based interventions represent a favorite and emerging group of drug delivery
systems'. In this thesis, polymeric nanobeads based on both block and graft amphiphilic copolymers
were engineered, analyzed, and evaluated in the context of intracellular infections. This research was
motivated by the shortcomings of conventional antibacterial interventions. Due to the inefficacies of
current therapies, there is an unmet need for rapid diagnostic improvements and novel strategies for
interventions dealing with the physicochemical, pharmacokinetic, and pharmacodynamic obstacles
related to conventional treatment. This research interest led to the goal of designing, fabricating, and
comprehensively analyzing a drug delivery system capable of promoting intracellular drug delivery
and sequentially bearing intracellular bacteria.

In Chapter 2, we described a system based on MPEO-b-PCL block copolymer NPs loaded with a model
antitubercular agent—rifampicin. The copolymer was synthesized through ring-opening
polymerization. As the aim of this work was to understand the properties of such NPs and how they
behave in biological environments, they were subjected to robust physicochemical characterization
and biorelevant analysis. When we studied the interaction of this intervention with cells, it was found
that they possess excellent properties in terms of cytotoxicity, cellular uptake, and antimycobacterial
activity in vitro. Importantly, the enzymatic degradability of the MPEO-b-PClL-based beads is
controllable by means of 4HB incorporation. Using a murine model, we demonstrated that the drug-
loaded NPs possess improved pharmacokinetic and pharmacodynamic parameters. Ultimately, using
two animal models, we were able to study the antitubercular efficacy in vivo. This experimental
approach and the observations are unique, as handling with bacterial pathogens requires specific
biosafety facilities. Overall, this study provides a generalizable strategy for the improvement of
intracellular infection treatment, and the results obtained have significant implications in the field of
biorelevant analysis of nanobead-based interventions.

Despite the fact that intraperitoneally administered RIF formulations provided excellent parameters,
one may object that infections such as tuberculosis are localized in the lungs. This justified objection
led to the study of mucoadhesive beads that could even increase the treatment of pulmonary
diseases by way of prolonged residence time of a drug?.

In Chapter 3, we focused on the study of the self-assembly behavior of mucoadhesive PVA-g-PMMA
and CS-g-PMMA copolymers, both synthesized by free-radical polymerization. In this work,
nanobeads were prepared by direct solubilization in aqueous media, leading to NP formation. The
assemblies were then initially inspected by light scattering methods. It is, however, worth stressing
here that DLS investigations in most situations cannot measure the actual size distributions of
particles; the sizes obtained are usually overestimated®“. For this reason, similar to the MPEO-b-PCL
story, we used several complementary analytical instrumental tools, such as DLS, SLS, SANS, and TEM,
to shed light on the nanoarchitecture of such nanobeads. Using this combined approach, we found
that both the PVA-g-PMMA and CS-g-PMMA nanobeads exhibit a complex self-assembled
hierarchical structure based on smaller particles associated with larger species. With respect to the
prediction of biological activity, one may suggest that the NP size range observed is suitable for
internalization into both macrophages and epithelial cells®. An important drawback of self-assembled
colloids is their low physical stability upon profuse dilution®’. This in the biological environment may
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result in the release of the active cargo within an off-target body site. Thus, we also studied the
formation of stabilized amphiphilic NPs by crosslinking. Overall, this study opens new horizons
towards the application of self-assembled nanobeads, particularly as drug delivery platforms.

4.2 Challenges and Future Directions

The work discussed in this thesis presents a comprehensive in-depth study of nanobead-based
interventions for the treatment of intracellular infections. It is, however, worth stressing that there is
much left to be explored and investigated and that there are still essential questions related to this
issue that are not fully answered or managed. This resulted in two overview publications [P6, P7]. The
following portion of this chapter will delve into possible future directions towards improving polymer-
based treatments for intracellularly persisting infections.

Demonstrations showing that nanobead-based interventions have greater in vitro and in vivo
therapeutic efficacy than the free drug is an important proof of principle. Studies of additional drug
incorporation and rational design features have the potential for even greater improvements in
efficiency for the therapy of different types of persistent bacterial infections. As suggested above,
there are still dozens of questions related to this emerging field of nanomedicine. For instance,
comprehensive addressing of the NPs’ corona modification effects, different stimulus responsivities
and their effect on intracellular infections, and the comparison of drug entrapment methods
(encapsulated vs. conjugated antibiotics) are needed, and such results may be expected to further
enhance the efficacy of novel antibacterial interventions based on nanomedicines. It is claimed that
comprehensive investigation and toxicity studies of novel and promising “future medicines” are
missing and thus increase the final cost of a novel intervention®. Overall, there is always a need for
financial support and further preclinical studies to move on to the next developmental step and reach
patients. Similarly, inhaled therapy may hold the key for improved interventions in this context.
Unfortunately, there is no completed clinical study, and it is difficult to identify which system and
which approach would be the most advantageous to pursue.

When addressing TB, one of the major complications is the selection of M. tuberculosis strains
possessing multidrug-resistant (defined as resistance to both RIF and isoniazid) and extensively drug-
resistant (defined as resistance to at least one second-line injectable drug and any fluoroquinolone
drug) characteristics. In terms of conventional therapy, multidrug regimens are therefore necessary to
reduce the population of mycobacteria to undetectable levels and to avoid the selection of resistant
strains’. One may thus point out that an important task in the field of TB involves the fabrication of
nanomedicines based on cocktail therapy. For instance, Sato and colleagues'® fabricated micelle-
forming prodrugs based on poly(ethylene oxide)-block-poly(aspartic acid) covalently modified by RIF,
isoniazid and pyrazinamide. Similarly, the Ma group'' described bovine serum albumin NPs loaded
with both isoniazid and RIF. Unfortunately, papers dealing with mono-anti-TB delivery still dominate,
probably because anti-TB agents possess different acido-basic properties as well as lipophilicity. An
interesting strategy may lie in the combination of nanomedicines with immunotherapy for vaccine
delivery, an approach that can increase the therapeutic response of the host. For example, Dube and
colleagues' fabricated an immunomodulating system for intracellular RIF delivery based on 1,3-B-
glucan-functionalized PLGA nanoparticles with a chitosan shell. Chitosan nanocarriers were recently
studied by Tailleux'. By comparing the transcriptional profiles of untreated macrophages with those
incubated with CS nanobeads, 242 genes for which the expression was modulated by CS were
identified. In particular, inflammation- and chemokine-related genes were strongly upregulated, as
proven by enzyme-linked immune sorbent assay (ELISA). One may hypothesize that the described CS-
g-PMMA nanobeads may possess immunomodulating properties as well and take advantage of the
CS-related effects mentioned. This should, however, be addressed further in the future.
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In addition to the development of novel interventions, rapid diagnostic improvements are urgently
needed'. For example, the causative agent of TB grows very slowly in culture. Obtaining visible
colonies on cultivation plates requires weeks of incubation. Thus, in addition to the focus on “future
medicines”, it is necessary to develop rapid, sensitive and specific diagnostic and bioanalytical
methods, as only early diagnosis and therapy significantly reduce the risk of further spread. As
reviewed in [P7], optical methods using fluorescence and bioluminescence are especially valuable for
the imaging, probing, and analysis of mycobacterial infections both in vitro and in vivo. These tools
were found to be useful for the study of the fate and efficiency of drug delivery systems and, thus,
important for further research. Dealing with bacterial pathogens will, however, complicate the
development of novel interventions, as most intracellular bacteria are highly virulent agents, and
handling them requires specific biosafety facilities.

To conclude, in today’s world, the risk of untreatable infections is ever present, making the suggested
questions and challenges of utmost importance.
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